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A.!Y. Cho K. Ress H . Norkoo

J. D. Dow N. V. Klein G. E. Stillman

3. E. Greene 3. G. Stre-tsan
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D. Arnold 3. Ki M A. Rockett

T. 3. Drummond W. Kopp S. L. Su

R. Fischer V. G. Lyons R. E. Thorne

This is a research program involving many aspects of semiconductor

research and molecular beam spitaxy. The research effort includes materials

growth by ABE, studies of basic electronic ad optical properties of layered

structures ad applications to high speed electronic devices. The objective

is to utilixe the unique features of ME1 in the preparation of novel

structures and to explore new opportunities for devices.

Km this period, the research on Alz~i.sG~ igesdmlil

* .*interface structures continued. In addition. we began studying the

L ineorporation of Si both in GaAs ad AlZGai-As.

11itiple interface heterojunctious with GaAs layers as thin as 25 1 were

* grown In a wide range of growth temperatures. The photoluminescence intensity

* .associated with the quantum wells was very low for substrate growth

temperatures below about 6500C and improved steadily as the substrate

temperature increased to 7000C. The principal electron to heavy hole

transition appeared to have shifted downward in energy unless the structure

was grown at about 7000C. Above 7000C. the mission from the quantum wells

CThis work was supported by the Joint Services Electronics Program (U.S.
Army, U.S. Navy, and U.S. Air Force) under contract NOO0l4-79-C-0424.
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2 1.* MOLECULAR BEAM EPITAXY

diminished entirely while that from the A1.6aizxAs improved steadily with

increasing substrate temperature. The overall conclusion of this study is

that the heteroiaterfacial properties are very important and dominate the
luminescenoe spectra. Investigations of the single interface structures with

the binary on top of ternary, sand the ternary on top of binary showed a

substantial anisotropy. Vhile it is relatively easy to obtain good interfaces

when the AlxGal-zA8 layer is grown on top of GoAs. the reverse is not always

reproducible and requires a precise set of growth conditions, the most

dominant growth parameter being the substrate temperature. At a substrate

temperature of 7000 C, the atomic surface morphology of the AlzGais_ is best.

loading to a specular hoterointerface. This interface roughness is

responsible for the low K. intensity as well as the shift in energy.

The rough surface of the AlxGailkAs layer csn be improved by growing a

thin, e.g., 50 1. GaAs layer. As a result of this smoothing effect, the

multiple interface structures are expected to be a little less sensitive to

the growth conditions than the single well heterojunction structure. The use

of a smoothing layer to relax the growth conditions without the loss of

quality was demonstrated using GaAs FETs on AlzOG. 1axs buffer layers.

Incorporation of donor impurities in AlzGal_,A was also investigated.

Particular emphasis was placed on Si because the other most commonly used

donor, Sn, evaporates quite readly from the surface at high substrate

temperatures. Both electrical measurements and secondary ion mass

spectroscopy techniques were used to characterize the films. A substrate

temperature range of 600 - 7200 C, mole fractions between 0 and 1.0 and

electron concentrations of 1016 - 5 x 1018 om-  were investigated. It was

discovered that caution must be, exeroised in determining the donor activation

energy from the n vs T measurements. The modulation doping effect can lead to

anomalosly high activation energies. Unlike Sn. the activation energy of Si
in AlZGalJZA8 was small, - 15 eV, except for some deepening at about x -. 5.

1.2 Ea Doped AlxGal-,As/G&As 1ETs'

Selectively doped AlzGal-xAs/GaAs heterostructures where only the larger

• This work was supported by the U. S. Air Force Office of Scientific
Researoh under contrast AbONR 80-0084.
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1. MOLECULAR BEAM EPITAXY 3

baudgap material is doped with a suitable donor are of special importance from

the standpoint of studies of basic phenomena and device applications. The

objectives of this program are to study in detail the low and high field

- transport parallel to the heterointerface and to fabricate short channel lETs

for switching applications.

During the last period our investigation of single and multiple interface

udoped and modulation doped GaAs/AlxGal1 ZAs heterostructures was undertaken.

, This progrm differs from our other work in that the objective is Seared

toward FiEs. Primarily, the electrical properties of single interface

modulation doped structures and optical properties of undoped multiple

interface structures were studied. In addition, by measuring transport

properties parallel to the heterointerface for a number of structures grown

under different conditions, the optimum MDE growth conditions were determined

for both binary-ou-ternary and ternary-on-binary structures. Structures with

the ternary on top of ti..arv exhibited much better performance and thus were

used to fabricate FETs. The thic' aess of the undoped separation layer in

.*: these structures was adjusted to provide an optimum donor/electron separation

* for 1ET operation.

Optimized normally-off modulation doped FETs with 3 pm channel lengths

and 1 pa Sate lengths displayed transconductances as high as 250 S/rn at 300

K. This figure is expected to double at 77 K. It is predicted that such a

FET will exhibit a switching time of 8 psec in a ring oscillator configuration

at 300 K. Needless to say, operating parmeters such as load resistance and

* power supply voltage must be optimized to achieve this performance.

a .
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'1

Faulty M Senior Staff

0. 3. Stillman

Gra..t Students

0. 1. Belsn T. R. Lopkavski B. 3. Skrm.

L. V. Cook T. S. Lo N. Tabatabsie

X. A. Basso V. N. Robbins N. N. Tashima

N. E. Kim T. Y. Roth T.1. Viadhotr

D. S. Ruby

2.1 nt duti n

The primary goal of this research is to evaluate the potential of igbh-

purity UaP and InGaAsP (including the ternary limit of this lattice-matched

quaternary alloy system) for optical and microwave device applications. The

thrust of the ISP supported work is to investigate the hydride growth

technique for the growth of lnP and InGaAsP. This process is particularly

interesting because it permits easy control of the III-V ratio, in contrast to

the PCI (chloride) growth technique, and because the growth of P containing

compounds seems to be much more controllable when contrasted to the popular

NOCVD and MSE growth techniques. lith other support, LIE growth of laP and

In1sAsP is also being studied, and the properties of the hydride-VP and LPE

epitazial layers are compared. The techniques used in this work to

characterize the material include the measurement and analysis of Eall

coefficients and resistivity measurements over the 4-350 K temperature range

to determine the total concentrations of electrically active donors and

acceptors. The Influence of the growth conditions on the identity and

concentration of the acceptor species incorporated in the epitazial layers is

studied through photoluminesoence measurements over the 1.5-20 K range. Deep

levels, and the influence of different growth parameters on the concentrations

and enetgy levels of these centers are studied through DLTS measurements. The

!i -- -- : , ,". . - -. - *-- .• . . .. • . -" ""-.... .. . .•" ". - ."- ."."-."" " " " -.. . . .' ," "



2. SEMICONDUCTOR MATERIALS AND DEVICES 5

crystalline quality and degree of lattice match are studied with an X-ray

diffractaieter purchased with partial support using XSEP funds. The residual

shallow donor Impurities in InP are studied using far infrared Fourier

* .itransform neasurements of photothermal ionization photoconduotivity on high

purity epitaxial IP.

3
2.2 ydride Vo Phase Growth oL 5i Purityr ]a*

The most common figure of merit cited for high purity InP is the majority

carrier nobility at 77 K. The carrier concentration and the nobility are
g generally derived from the Hall coefficient and resistivity. There is a

danger in using the 77 K mobility as the sole indication of sample purity in

that the measurement technique averages the Hall constant and sample

resistivity over the sample. The electrical data obtained from the van der

Pawu technique are of some use in detecting ishomogeneities. In a homogeneous

*sample, the ratios of resistanes measured on a van der Pauw-Hall effect sample

by permuting contacts should be determined by sample and contact geometry

only. They should be the same at 77 K and 300 K. Inhomogeneities in impurity

concentration across the wafer can cause differences in these ratios at the

different temperatures. When proper caution is exercised, the 77 K nobility

is a useful measure of the "sample quality. The 77 K carrier concentration and

the compensation curves calculated for InP, (R11 provide an estimate of the

concentration of electrically active donors and acceptors in the crystal.

Figure 2.1 shows the 77 K mobilities of a number of VPE hydride grown samples

for a wide range of carrier concentrations as well as the corresponding

theoretical curves of Rode JR1]. The data points generally follow the curve

for (N + N-)(n + p) - 2 indicating that the concentration of donors is

approximately three times that of acceptors. By contrast, high purity InP

grown by LPE appears to be nearly uncompensated.

Table 2.1 is a compilation of the 77 K and 300 K Ball data for the ten

best InP layers grown by VP! in our lab. Also included for comparison are the

highest nobility VP! samples, both halide, reported in the literature. The

71,000 cm2/V-seoc layer, VP! 1-221 is the highest nobility reported to date for

C This work was supported by the Joint Services Electronics Program (U.S.

" Army, U.S. Navy, and U.S. Air Force) under contracts DAAG-29-78-C-0016 and
N00014-79-C-0424.
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Fig. 2.1 (top left) 77 K mobilities as a function of carrier concentration
for VPE Hydride In? plotted with the Rode curves for InP.

Fig. 2.2 (top right) Sall mobility at 77 and 300 K versus -% of the lnPlayers grown in this work. The solid curves show Rode's calcu-
lation of P77 for two compensation ratios.

Fig. 2.3 (bottom) Hall mobility at 77 and 300 K versus N-NA of the InGaAs
layers grown In this work. D
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8 2. SEMICONDUCTOR MATERIALS AND DEVICES

a sample grown by the hydride technique. It is somewhat more compensated than

high purity material grown by LPE and the 300 K mobility is not as large as

one would expect for a layer with such high 77 K nobility. Some samples, for

example VPE 1-205, with lower 77 K nobility have larger 300 K nobility.

One interesting aspect of the data is the existence of an aging effect

first reported by Eastman in ImP grown by LPE [R21. The aging phenomenon in

which the 77 K mobility in n-type samples increases and 77 K carrier

concentration simultaneously decreases after 3 to 4 months storage at 300 K.

was attributed by Eastman to silicon donors chaSngin from shallow to deep

states. The Hall mobilities and carrier concentrations of ImP grown by the

hydride technique changed similarly when stored at room temperature (see Table

2.2). Dramatic increases have been observed in as short a time as one week in

which the 77 K nobility changed from 56,800 cm2 /V-sec to 70,030 cm2/V-se.

VThe greatest overall change occurs in the material which starts out with the

highest obility. In the course of 3 months the 77 K nobility of VP! 1-221

increased from 71,260 cm2 /V-sec to 95,920 cm2/V-sec. The process can be

accelerated by annealing at 1050 C. The original 77 X nobility and carrier

concentration are re-established when the sample is heated to temperatures as

low as 4000C (used for alloying contacts). All values for nobility and

carrier concentration quoted above were taken Immediately after the contacts

were alloyed except where otherwise noteA.

2.3 L Gr o f an Ld A" .IaA

Methods for obtaining high-purity ImP and InGaAsP alloy epitaxial layers

on (100)-oriented InP substrates using liquid phase epitaxy have been

explored. The 300 and 77 K electron mobilities for ImP and InGaAs are

suimaried in Figs. 2.2 and 2.3. All of the undoped layers were n-type, and

the IaP liquid nitrogen mobilities, when compared with the theoretical curves

by Rode [B1] for varying compensation, show relatively little compensation.

The freeze-out ratios, ND-NA (300 K)/ND-NA (77 K). of the InP and InGaAs

; This work was supported by the National Science Foundation under con-
tracts NSF ECS-79-17581 and NSF D R-80-20250-73, the Naval Research Laboratory
under contracts N00173-78-C-0129 and N00172-79-C-0184, and the Joint Services
Electronics Program (U.S. Army, U.S. Navy and U.S. Air Force) under contracts
DAAG-29-78-C-0016 and N00014-79-C-0424.
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10 2. SEMICONDUCTOR MATERIALS AND DEVICES

layers are generally between 1.0 and 1.2. The mobilities of these InGaAs

layers grown on (100) InP are in fair agreement with the mobilities of InGaAs

layers grown on (111)B InP by Oliver [R3] with the exception that for equally

high liquid nitrogen mobilities the room temperature mobilities of these

layers are lower. Oliver's highest room temperature nobility was 13,000
°r'V-Is-1 and in this work the highest is 11,000 c 2 Vls- 1 . The InGaAs layers

with ND-NA for (2-4) • 10 ,- and liquid nitrogen mobilities above 60,000

on eV-1-1 were grown at 687.5 0 C, and the rest were grown at 627.50 C, In

general, the growth of InP and InGaAs above 6500C has resulted in higher

purity, probably due to a lower distribution coefficent for silicon at higher

growth temperatures. The InGaAs layers with ND-NA approximately equal to 1 x

1016 cm 3 were grown from unbaked solutions and those with ND-NA ) 1 x 1016

were doped with tin. Typically, ImP layers grown from unbaked solutions

yielded doping levels closer to 1 x 1017 cm- presumably due to the use of

lower quality ImP source material.

The ability to obtain high purity layers has been highly reproducible.

At the present time 11 of the last 13 InP layers grown using this technique

have had liquid nitrogen mobilities between 50,000 and 70,000 om2Vs 1  with

ND-NA between 9.0 x 1014 and 2.5 x 1015 cm-3 . Also, 12 out of the 14 InGaAs

layers grown at 687.5 0C have had liquid nitrogen mobilities between 55,000 and

70,000 cm2 V- 1 8s 1  with ND-NA between 1.5 and 4.5 x 1014 cm73. Fewer

In 0 . 3 Ga 0 . 1 7 As 0 4 0 P0 6 0 (X - 1.15 pm) layers were prepared for van der Pauw

Measurements, but of those which were measured, the highest purity layer was

determined to have ND-NA - 5.6 x 1014 cm- 3 with room temperature and liquid

nitrogen temperature mobilities of 4,600 and 24,800 c 2 V- 1 s - 1 , respectively.

Most of these layers were grown between runs where device structures were

grown which included layers doped with either zinc or tin on InP substrates

doped with either zinc or tin. Thus, these results are highly reproducible

and the use of dopants in the boat has not had an adverse effect on the purity

of layers grown in subsequent runs.
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2.4 Photoluminescence asurements oL Sall Accuptor

Variable temperature (1.6 - 20 K), high resolution (0.2 1)
photoluminescence measurements were performed on high-purity undoped I&P

F layers grown at 6500C using a III:V gas ratio of one and an IC1 pjartial

pressure of 0.02. The exciton region of a highly compensated sample is shown

in Fig. 2.4a. The sharp line structure is typical of high-quality ImP and

includes lines produced by the recombination of free excitons (FE), neutral

donor-bound excitons (DeX), ionized donor-bound excitons (D+,), and neutral

acceptor-bound excitons (A0,X). At high excitation intensity, the band-to-

acceptor region of this sample (Fig. 2.4b) shows the "two-hole" (T) replica

of the (A°,X) doublet for Zn acceptors superimposed on the broader emission

bands due to Zn. A donor-to-acceptor peak involving an unidentified (21 mOV)

shallow acceptor and a sharp line due to an exciton bound to a deep center are

also observed.

At low excitation intensity, measurements of the band-to-acceptor region

of the sample 1-221 (see Table 1.1) as a function of temperature permit the

identification of the donor-to-acceptor (D-A ° ) and conduction band-to-

acceptor (o-A°) peaks involving two different acceptors of different

ionization energies. (See Fig. 2.4). The (D°-A° ) peaks diminish in

intensity relative to the (*-A0 ) peaks as the temperature is increased, due to

thermal ionization of the donors. This trend permits proper identification of

the various peaks when they overlap, as in the present case. The ionization

energies of the two acceptors are 45.4 and 40.5 meV, which are those for Zn

ad the so-called "A,* acceptor (which may be C or H), respectively.

The deep region of the spectrum (Fig. 2.4d) shows a series of sharp lines

Swhich are various LO and TO- phonon replicas of the FE emission, superimposed

on a broad, structured emission of unknown origin which has not peviously been

reported. Future work will be directed toward the identification of some of

the unknown spectral features discussed here.

0 This work was supported by the Army Research Office under contract DAAG-

29-82-K-0059, the National Science Foundation under contract NSF DER-80-
20250-73, and the Joint Services Electronics Program (U.S. Army, U.S. Navy,
sad U.S. Air Force) under contracts DAAG-29-78-C-0016 and N00014-79-C-0424.

I * * - . . . . . . . . . . . . . .



12 2. SEMI~CONDUCTOR MRuA.S AND DEVICES

P4-24 antDOWto CCO %j aOK)
- 'I

C a) (b)

5' 9 M

H I, ' ,.,.W m

,u (m) (a(A

Jig. 2.4 (a) Exciton region of the photolumineecencee of a

highly compensated InP sample (N30 0 - 6.2 c O*m " , frozen
' !i high sicitation intensity. (c) Band-to-acceptor region of

sample 121a:tredfee meaue.()De
regions of a high-purity n-type sample.

-- --- --. **.. 2. -'. 
- .

-

, ,, ' P,-P-4 _ _. _ ' ,"- . .- : . . . .,. : .. " ., . . ... , .,.



2. SEMICONDUCTOR MATERIALS AND DEVICES 13
1.7

2.5 Fuier Tran Setroso aL Shallow fomza."

The mechanism for the prooess of photothermal ionization, represented

schematically in Fig. 2.5c a be understood by considering an electron

*~i initially occupying a donor ground state. The temperature of the sample is

4.2 K so that few electrons are in the conduction band. Absorption of a far

-,' infrared photon of appropriate *nergy can induoe a transition to one of the

donor eacited states, from which the still bound electron may be excited to

*- the conduction band by absorption of phono(s), contributing to the electrical

conductivity of the sample. A photothermal ionization spectrum then consists

of a plot of photoconductive response versus photon energy or wavenumber, and

contains peaks at the various donor transition energies.

" The ground state energies of shallow donors in InP are very nearly

- hydrogenic but the energy of the donor ground state energy differs slightly

' from the value predicted from hydrogenic theory, and since this difference is

U donor species dependent, sec hydrogenic transition in a photothermal

ionization spectrum contain several closely spaced peaks. Each peak

corresponds to a particular donor species present, and has an amplitude which

is a measure of the relative concentration of the donor species. The

.sltiplet structure is most easily resolved at high magnetic fields (about 3

T) in the hydrogenic 1s-2p (a - -1) transitions. For this reason, the spectra

which appear in this paper show only these transitions. The photothermal

ionization spectra of Fig. 2.6 show the donor peaks present in high purity VP

and LPE InP grown in our laboratory. The LIPS samples typically show three

donor peaks labeled A, B, and C. The amplitudes of these peaks are related to

the relative concentrations of the associated donors. For example the

photoresponse of the sample at the energy of peak B is largely due to the

Stark broadened low energy tail of peak C. By numerically fitting a sun of

I individual peaks of the characteristic shape with adjustable amplitudes to the

spectra, it was possible to determine the typical relative concentrations of

donors A, B, and C in L]E samples as approximately 0.2 to 0.1 to 0.7. The

spectra for the VPE samples show only the peaks A and C in the very different

0 This work was supported by the Office of Naval Research under contract

N00173-C-0184 (Navy Subo. 81-16 from Washington University) and the Joint Ser-
vices Electronics Program (U.S. Army, U.S. Navy, and U.S. Air Force) under
contracts DAAG-29-78-C-0016 and N00014-79-C-0424.



-. 14 2.* SEMICONDUCTOR MATERIALS AND DEVICES

* Conduction ad

Phonn~s~~v~v-0- Excited State
*Photon 0%%%% --f

-4-- Ground State

Conduction Bond
-ip -30 -3P

-is -is -is

Fig. 2.5 Two representations of the phototherual ionization process:
(a) illustrating the multistep photon-phonon(s) excitation, and
(b) illustrating the difference in ground state (is) energies

for 3 donor species.
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Fig. 2.6 Photothermal ionization spectra for InP grown by LPE and
hydride VPE (PH -VPE).
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relative concentrations of 0.7 to 0.3.

Carefully controlled doping experiments have been performed by several

research groups to identify various donor species with the associated

photothermal ionization peaks for GaAs. Such experiments are difficult

because of the mall range of donor concentrations between that of the purest

material which can be grown by a given technique and that for which impurity

interactions degrade the spectra by broadening and distorting the spectral

peaks. Until recently, nearly all InP grown was of insufficient purity to

resolve these peaks and so very few donor identification experiments have been

performed for InP. Using intentionally doped LPE grown InP, Stradlins [R4]

has identified photothormal ionization peaks for Sn, Si, and S.. This work

indicates that ihe peaks A and C are Si and S, respectively, but these

identifications should be regarded as tentative.

REFERENCES
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3.1 Large Daaasit-i][anzTranor A" Dzami-a

An Ideal 036 dimensional coaductor is a chaia of atoms in a linear

periodic array. Many linear crystals, suck as NbSe 3 and TaS3 , approximate
this ideal quite closely because the metallic boads along the axis axe strong

while the YVa der Weals forces between chains are relatively weak. Such one-

dimeasional metals axe nstable to the formation of an energy Sap at the Fermi
wavevector, kv, below a critical temperature. To (- 215 K for TaB3). This
causes a superlattice and an associated electroa charge density wave (CMW) to

form with a waveleagth of Wlk..

Experiments [R1-R5J have shown that charge density waves can move
cohereatly through the lattice in NbSe3 and TaSS when the applied electric

*field exceeds a certaia threshold value ST. John Bardeen developed a model of

CW depinniag In which the CDM tunnels coherently through a pinniag gap ia a

manner analogous to Zeaer tunaeling [26,R1J. In addition he applied photon

assisted tunneling theory [R1 to predict the frequency dependent conductivity

of NbSe3. Ixperiments [181 performed at UCLA have shown excellent

quantitative agreenent with the tunneling model predictions of the field and

frequency dependent conductivities of NbSe 3 and TaB3 , except that there seems

This work was supported by the Zoint Services Electronics Program (U.S.
Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424 and by the
National Science Foundation under grant 20 11-20038.
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to be an additional "classicsl, composot to the &.c. conductivity. Rowever,

the results of those experiments have also boos interpreted using a purely

classical overdamped harmonic oscillator model.
7he principal aim of this work is to perform an ozpertat for which the

tunneling sad classical models Sive qualitatively distinct predictions. Is

this way we hope to either prove or disprove the tunneling hypothesis. If the

tunoling model proves to be basically correct, them materials such as T*S3

may be useful hu radio frequency and microwave applications (e.g.. sensitive

detectors and mixers).

The experiment performed at UCLA (381 measuring the d.c. conductivity of

NbSo 3 iu the presence of large s.c. signals was interpreted by our group [3.41

in terms of the tunneling model. The experiment, whisk had previously boon

interproted using a classical model, showed sclleant qualitative and

reasonable quantitative agreement with Bardeen's tunneling model coupled with

photon assisted tunneling theory. Very recently field and frequency dependent

rectification measurements on Ta53 performed by our group have yielded results
which qualitatively can easily be explained using the tunnoling hypothesis but

are difficult, if not Impossible, to Interpret classically. Is the near

future we plan to make a quantitative comparison of reotifioation measurements

4ith tunneling theory predictions for a wide range of bias voltages and

frequencies.

3.2 Dischrgej Aau.alin

Studies have oontinued on the use of a $low discharge in Helium to

$ ogorate an oloctron beom for annealing ion-implanted semiconductor samples

[3.31. A new diagnostic tool - laser roflotometry - has boos developed to

allow accurate determination of silicon sample temperature and regrowth

H, velocity [3.51.
Laser rofleotomotry oonsists of direoting light from a Helium-Noon laser

at 632.8 as onto a semiconductor sample during annealing. The reflected beam

Is synchronously detected using a vasuum photodiodo and look-in amplifier to

remove background sigal due to black body radiation from the sample. As the

0 This work was supported by the Joint Services Electronics Program (U.S.
5Arnl, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424.
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silicon is heated by the electron beam, its index of refraction increases,

increasing the refloctivity of the sample. The relation between index of

refraction and temperature for silicon is known [3], so a relation between

temperature and reflectivity can be calculated. Thus, the temperature of a

silicon sample can be monitored during annealing.

Reflectometry also provides an accurate measure of the regrowth time

during annealing I10]. The amorphized surface layer has an index of

refraction which differs from that of the sinslo-crystal substrate. The

discontinuity in refractive index causes a reflection of the laser beam from

the amorphous-single crystal interface, which interferes with the light

reflected from the sample surface. During regrowth, the interface proceeds to

the surface by solid phase epitaxy, causing the path length of the beam

reflected from the Interface to decrease. Thus, the phase of the beam

reflected from the Interface continually changes with respect to the phase of

the beam reflected from the surface, causing maxima and minima or

"interference fringesm in the reflectivity as the sample regrows. Ultimately,

the refloectivity reaches the value for single crystal silicon. Using this

technique, the regrowth rate was measured as a function of electron beam power

and sample temperature. Our results for annealing large area samples show

excellent agreement with laser annealed samples [R11], indicating that the

discharge anneal system shows promise as an alternative to laser annealing

systems.

Studies were also performed on the annealing of single crystal silicon

with a polycryetalline silicon layer grown on top. As deposited, the samples

had shoot resistivities greater than 200 0 per square. Our study shows thatU
with the discharge system, these samples can be annealed yielding shoot

resistivities of 15 0 per square and less. These results are obtained over

large area samples with anneal times less than five seconds.

'.. 3.3 Plasua-assisted XtALine .

Recent work in the area of plasma-assisted etching has been directed

toward the design and construction of an RF plasma discharge system. Previous -!

- This work was supported by the Joint Services Electronics Program (U.S.
Amy, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424.
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research utilized a DC hollow-cathode discharge to ge-srate stohing species

while the new design employs an inductively coupled Rk *'.scharge. 7his offers

several advantages. HIsh frequency discharges generally tend to provide: (1)

a higher degree of ionization and dissociation, (2) a hiSh ratio of electron

temperature to ion and Sa temperatures, and (3) a wider range of operating

gas pressures. Furthermore, sputtering effects due to the electrode material

are eliminated by the inductively-coupled configuration.

A major improvement in diagnostics is provided by the addition of a

quadrupole mass spectrometer. 7his system features the ability to detect both

positive and negative ions. The quadrupole contains its own source of

ionization which can be switched off. The system can then be utilized to

directly detect species in the plama along with providing massns to analyze

downstream products. Currently, the QNS is connected downstream of the

discharge-sample region via a variable-leak valve. A further improvement

would connect the quadrupole, via a pinhole leak, to the discharge-sample

region and would enable the detection of many of the tonic species involved in

the etching process.

P Much of the work currently being done in this field concerns the

S"Reoactive Ion Etching" scheme. This differs from conventional "plasma

etching" in that physical processes as well as chemical are used to remove

material. Concern has boon raised recently that damage to the semiconductor

occurs due to the bombarding ions. Surface states at the Si02-3i boundary,

for example, are thought to be caused by this. Machines designed to exploit

the ]IE scheme employ a parallel plate RF discharge whereby the electrode upon

which the samples are placed assumes a negative bias proportional to the ratio

of the surface area of the electrodes. The system configuration we have

constructed avoids this and allows a DC bias to be superimposed on the sample.

Therefore, we hope to study the influence of ion bombarding effects on the

anisotropy of etch as well as damage to the semiconductor.

Preliminary etching runs have boon conducted and etching has boon

achieved. Further. work to determine etch rate versus various parameters of

the system are being conducted in an effort to "calibrate" the system with

respect to known results in the literature. In particular, attention is

focused on observing etch rate versus sample bias in the RF system as compared

to the results already obtained in the DC hollow-cathode configuration.

.. . .
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3.4 LIIUZaInd9ed growth o2L SicoducMutor Llm"

,-t.I The objective of this research program is to investigate the chemistry

and optical properties of excited atoms sad molecular radicals produced by

ultraviolet photodissociation and the interaction of those excited species

with a surface to generate a this film. Specifically, an ultraviolet ezoimer

laser is being used to photodissociate inorganic molecules that contain a

semiconductor atom (such as SIR/4 , Q04 or 8tCi4). The spectroscopy of these

laser-generated plasmas as well as the electrieal sad chemical properties of

the resulting Ge or Si films are under investigation.

Initial experiments Involved the photodissooiatioa of S1 49 (C1$)4Si and

Gall ii the ultraviolet using esimer lasers and succeeded in growing S1 and
4

Go films on amorphous 102 substrates. These experiments were conducted at

room temperature and the resulting Ge or Si films were found to be

polycrystalline with grain sizes of up to 0.5 pa. However, the films were

highly resistive due to intergranular voids formed as a result of the large

deposition rates (I m - - )

In more recent experiments, a C1 002 laser has been used in conjunction

with the ezimer laser to produce films of much higher quality. The CO2 laser

maintains the spatial selectivity of the technique and serves to moderately

hdat the substrate, thus enhancing the surface mobility of an absorbed

semiconductor atom. However, since it is the ozotner laser that, by a non-

thermal process frees the Ge or Si atom from the parent molecule, the films

can be deposited at temperatures at least 100-150°C lower than those required

for pyrolytic deposition. For example, Ge films grown at a substrate

temperature of 300°C for 10-20 minutes are 1 pa thick and exhibit room

temperature mobilities of - 100 o 2-V'ls 1  Hall measurements also indicate

carrier concentrations of lo c 3  and x-ray studies using a powder

diffractometer show the films to be polycrystalline with no preferred

orientation. Substrate temperature measurements show that the excimer laser

heats the substrate by 100C or less. Also, we have demonstrated that (111) Go

can be epitazially grown on 1102 oriented sapphire substrates by pyrolyzing

Ge 4  Current experiments are focusing on accomplishing the same goal at

$ This work was supported by the Joint Services Electronics Program (U.S.
Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424 and by the
Air Force Office of Scientific Research under contract AFOSR 79-0138.



3. QUANTUM ELECTRONICS 21

lower substrate temperatures by photodissociating Goe4 .

Emission from atomic Go and the germylone (GEl), has also been observed

and profiles of fluorescence intensity versus distance from the substrate are

being measured. These results will later be Incorporated into a computer

" model of the Sas phase/surface kinetics in'n effort to better understand the

Uprocesses involved in the nucleation of Go films.
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4.1 introdmtiLa

This research involves study of basic properties of seniconductors,
methods of device processing, and now device concepts. Both theoretical and

experimental methods are employed in sach of these cateSories. We are

examining a variety of hot electron phenomena and their effects on present and

future device performance, especially in connection with modulation doping.

~ We are studying ion implsntation and annealing of Si and II-V compounds,

including laser and electron beam processing. These ozperimontal studies

include examination of deep-level impurities and defects arising from

Implantation and annealing. Several aspects of this work are done in

collaboration with other units, particularly the studios of materials grown by

molecular beam opitazy (MB3, Unit 1).

£1-
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4.2 Lasr Md slctronBM Anns gL Semiconductors

In our studies of the physics and materials problems underlying now

device processing techniques, we have examined several effects of transient

* annealing in semiconductors. While these methods .exhibit great promise for

more flexible processing of devices, a better understanding of the annealing

mechanisms is required for reliable application to fabrication. In the

previous reporting period we described extensive experiments in pulsed laser

* annealing of silicon. During this period we have published results of that

work applied to BF smorphized Si. We have also examined electrical
2

activation and residual defects (using DLTS) in anorphized Si recrystallized

by swept line electron be&m annealing. We have also presented results of a

now electron beam annealing approach in which electrons are derived from a

plasma disoharSe.

Considerable work has been done on recrystallization of deposited silicon

on Si02  using lateral seeding from windows in the oxide to underlying

crystalline Si. The approach used is heating by a narrow carbon strip which

traverses the sample surface in a swept line pattern. Large single crystals

have been obtained by this method, but these crystals contain low-angle grain

boundaries. Studies are underway on the crystallographic and electrical

properties of these films.

4.3 ImoLLenaooil "A Annaln IL d o 9 n. Semiconductorse

In the last reporting period we described studies of encapsulation and

annealing in InP. Based upon those results, we have carried out extensive

measurements of impurity migration in implanted InP. We find that implanted

impurities (e.S., Be) undergo anomalous migration during annealing of the

damage, and also that compensating impurities (Fe, Cr) used to make semi-::1
insulating InP migrate considerably. Correlations were observed between the

*.This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, and U.S. Air Force) under Contract N00014-79-C-0424, by the
Army Research Office under Contract DAAG 29-80-C-0011, and by the Office of
Naval Research under Contract N00014-81-K-0431.

0o This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, and U.S. Air Force) under Contract N00014-79-C-0424, and by
-*the Office of Naval Research under Contract N00014-76-C-0806.
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migration of Implanted Be and either Fe or Cr. After annealing, flat tails of

Be extending over several microns have been observed, with an accompanying

decrease in Fe or Cr over the same regions. Similar flat tails were observed

in the case of implanted MS. The migration of implanted Si in InP is much

less pronounced; however, Fe redistribution is observed which can seriously

affect the electrical properties of Si implanted layers.

Studies of anomalous impurity migration have also been initiated in GaAs.

Preliminary results indicate that implanted S in GaAs diffuses much less

during annealing when Si Is present. However, this effect Is pronounced only
at relatively low S doses. At higher S concentrations, the deep migration

commonly observed is not impeded by Si co-implantation. Work is currently

underway with GaAs layers doped with Si during growth, to separate out the

effects of defects and chemical effects between the impurities.

4.4 lectr nicTransport 3a k Enraie s'

The goal of this research has been to develop a complete theory of

transport phenomena at high energies (> 1 eV above the conduction band edge)

in bulk semiconductors. In previous years we have developed a Monte Carlo
simulation which included a realistic band structure as calculated by the I

- empirical pseudopotential method. The scattering rates were essentially

computed by the Golden Rule with the deformation potential constants regarded

as adjustable parameters. From the fit to a large number of experimental

results (impact ionization rate, saturation velocity, effects such as electron

collection in double-heterojunctions and real space transfer) we have obtained

a reliable set of coupling constants. The scattering rates are proportional

to the square of the coupling constants and the final density of states.

Because of the peaks in the density of states there are regions in the bands

exhibiting extremely high scattering rates. These high rates make it

desirable to use a more rigorous approach than the use of the Golden Rule to

include, e.g., collision broadening effects. Therefore we calculated the self

energy E from the relation (see e.g. 3. M. Ziman, Elemnts gL Advaed Quantua

* Ihusz, Cambridge Univ. Press 1969).

CThis work was supported by the Joint Services Electronics Program (U.S.
Army, U.S. Navy and U.S. Air Force) under contract N00014-79-C-0424 and by the
Office of Naval Research under contract N00014-76-C-0806.
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E Fs  1dq do
E s - + i E(k) - u- E(k-q) + q

from E the scattering crossection is obtained via the optical theorem. Fig. 1

shows 2 Ta as well as the scattering rate as calculated by the Golden Rule

(0). To lowest order the two curves should be identical. Notice the

deviation between the curves at high energies. Te have meanwhile performed

calculations of the impact ionization rate including these effects. The

qualitative features of the theory of impact ionization remain the same; there

are, however, quantitative differences. These become especially important at

large energies and will influence significantly processes such as the emission

of electrons from silicon into silicon dioxide which is so Important for

stability considerations of micron and submicron devices. Detailed

computations are in progress.

4.5 T 1n Levered Heterojunctidn Structures*

Te have Investigated the possibility of storage and switchip. between the

layers of GaAs separated by kAlG 5alx&s layers. The test structure shown in

Fig. 2 was fabricated using standard photolithographic and chemical etching

techniques. Four ohmic contacts were formed by vacuum evaporation of Au-Sn

and subsequent alloying at 4500 for 30 see in flowing 12. The resulting

structure had a dumbbell-shaped center region containing all nine

hoterostructure periods, each of which was contacted at each end by an ohmic

contact (labelled side contact in Fig. 2) that was diffused down through most

ef the layers. The areas containing the main contacts (see Fig. 2) were

etched down so that the top throe GaAs-AIGal-,As layer pairs were removed,

leaving only the lower six periods contacted by the main contacts. If

voltages are applied only to the main contacts (no applied voltage on side

contacts) then only the GaAs layers in the bottom six periods will have high

electric fields. Some of the electrons that escape from the GaAs layers in

these bottom six periods can propagate into the upper electrically isolated

layers nearer the surface in the dumbbell bridge. If the sample is cooled to

cryogenic temperatures, the electrons that lose energy in these isolated

0 This work was supported by the Office of Naval Research under contract

N00014-76-C-0806 and the Army Research Office under contract DAAG29-80-C-0011.
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Figure 4.1 Imaginary and real (inset) part of the self energy as
calculated in the Fock approximation (full line) and the
Golden-rule result (dashed line) fGr the conduction band
of GaAs. For weak coupling the two curves should be identical.



28 4. SEMICONDUCTOR PHYSICS

.-. D

K eerclilt l

..
0 a

Figure 4.2 Device structure used for measuring switching and storage
effects. hef a high electric field is applied hot electrons

• ".. can propagat~e from t~he bottlom high field layers t~o t~he upper
, r electrically isolated layers.
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layers will become trapped in the GaAs regions and will not be able to gain

enough energy from the crystal lattice or fringing low electric fields to

escape by thernionic emission. Thus, as soon as the electric field between

the aain contacts becomes high enough to cause electrons to be emitted from

the lower GaAs layers, a fraction of these electrons can propagate to the

upper isolated GaAs layers where they are trapped, provided that the side

contacts do not connect through to the lower layers interconnected by the main

contacts. The resulting current between the main contacts will be reduced for

all following measurements of the current at lower fields. Suppose a voltage

is then applied only to the side contacts so that the resulting electric field

in the dumbbell bridge region is high enough to allow thernionic emission of

the electrons in all the upper GaAi layers as well as those between the main

contacts. The initially higher concentration of electrons stored in the top

three periods will then be redistributed to the other periods, thus restoring

* the original carrier distribution of the sample before any voltages were

applied. The current-field characteristics between the main contacts at low

fields will then also return to their original values.

The results of current-field measurements between the main contacts on a

sample cooled to 10 1 Is shown in Fig. 3. Measurements were performed using

700 as voltage pulses at low repetition rates to reduce sample heating.

Measurements of the current vs. field shown in the graphs were taken at 600 as

after the beginning of eaeh pulse, although no time dependence was observed in

the pulses between 1 and 700 na. The sample was mounted on a temperature

-- controlled cold finger in an evacuated sample chamber and standard 0-A

sampling oscilloscope and x-y recorder techniques were used. All measurements

were performed with the sample in the dark. The upper solid line in Fig. 3

shows the virgin current-field characteristics between the main contacts when

* the first voltage was initially applied to the main contacts (no voltage

between side contacts). After the electric field exceeded a threshold value ;

1:1 necessary to cause a real-space transfer of electrons, the voltage was

returned smoothly to zero, resulting in the lower solid curve.

The significantly lower current values measured as the voltage was

returned to zero indicates that a fraction of the electrons have been

transferred and stored and can no longer contribute to the current. Repeating

the same voltage sean several seconds later (dashed curve in Fig. 3) revealed

h .- S . - . * ..............................................................
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-}'Figure 4.3 Current-fiteld characteristics measured between the main
*contacts (Fig. 4.2) at T2 - 10K. The prolonged reduction in

the current flow following the initial voltage scan is due to
the switching and storage of electrons. The initial (virgin)
scan characteristics are restored by applying a high electric
field between the side contacts.
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only a slight change in the reduced current. Another scan of the voltage

several minutes later (dot-dashed curve) exhibited only a small further

increase in the reduced current, indicating the number of stored electrons had

changed very little. Immediately thereafter, a high field was applied between

the side contacts (no applied voltage on main contacts) to redistribute the
stored electrons. The following volt-age scan between the main contacts

resulted in a retracing of the initial virgin solid line current-field curve.

The above pattern of voltage applications was repeated- many times with the

same results. The experiments are still. inconclusive ai' to whether the

': electrons are stored in the upper GaAs layers or in deep traps in the AlzG&1 -

1As or in surface states, since a complete electrical separation of the layers

* i(side contacts) is difficult to achieve. Also, the density of deep traps is

not well-known in these samples and more research needs to be done. However,

the effect not only proves the concepts of real space transfer as discussed

before, but also shows the device potential. In addition, interesting

physical parameters may be determined by time resolved measurements of the

kind described above, since all these effects are extremely sensitive to

electron-phonon interaction, quantum mechanical transmission coefficients,

*to.

4.6 Ballistio Ir z o hnA Jand t ibIin Devices*

We have used our Monte Carlo simulation program to investigate the

possibility of ultrafast collision free transport as proposed by Eastman at

Cornell. The result of our simulation is that in a narrow range of parameters

ultrahigh speeds are possible. Collectors and drain regions of current

semiconductor devices, however, are outside this parameter range (because of

F. the high voltage drops) and therefore represent the bottleneck for speed.

This problem is fundamental in nature and can only be circumvented by

:" constructing devices with extremely short collector or drain regions. Fig. 4

shows typical results of transit times vs device length for GaAs with the

electric field as parameter. The electrons are assumed to be injected at 300

meV energy and transverse the distance indicated at the x-axis. Notice the

ptradoxical increase in transit time with increasing field, which is caused by

*P the population of hiaher conduction band minima.

0 This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, end U.S. Air Force) under contract N00014-79-C-0424 and the

Amy Research Office under contract DAAG29-80-K-0069.
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Figure 4.4 Transit time of electrons versus the device length with
the electric field as a parameter for T -300 K.
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5.1 Semiond. C s owth Im IMA _ o Phase: o-Srht. Plauma

nd Laser Stimulated eastion8

We are studying energetic particle-surface interactions and stimulated

ga phase reactions which control the nucleation and growth kinetics,

- chemistry, and physical properties of compound and alloy semiconductors grown

from the vapor phase by URV ion beam sputtering, plasma-assisted chemical

vapor deposition, accelerated beam IBE, and laser-induced chemical vapor

deposition. The common feature of these techniques Is that crystal growth

proceeds under non-equilibrium thermodynamic conditions through the production

of highly reactive gas phase species: excited atoms, metastables, radicals,

and ions. Such species transfer energy to the growth surface upon

condensation thereby altering the surface reactivity as well as adsorption and

adatom diffusion kinetics allowing film growth at lower temperatures, a wider

*: range in controlling doping concentrations and tailoring film properties, and

the growth of unique metastable materials. This work is being pursued from

both an analytical and an experimental point of view to establish a detailed

- understanding of fundamental film growth mechanisms. We have recently

* published two invited review papers in this area [5.3, 5.4]. Results from

C This work was supported by the Yoint Services Electronics Program (U.S.
SArmy, U.S. Navy and U.S. Air Force) under contract N00014-79-C-0424.
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this research have a wide range of applications in addition to crystal growth

including the active research fields of reactive ion etching, ion beas

lithography, icrochemical analysis, plasma chemistry, and laser-msterials

interactions.

5.2 LU/S .ga Intuac.tiou

We have developed general models for predicting elemental Incorporation
probabilities of accelerated species incident upon growing film surfaces

during vapor phasoe deposition [5.4]. Trapping (low energy implantation),

scattering, re-evaporation, and preferential sputtering are accouted for.

More recently we have added terms for collisional mixing and segregation of

dopants. As discussed briefly below, the use of those models in analyzing

experimental data not only leads to a nore detailed understanding of film

growth processes but also gives predictive capability in designing new

experiments or considering the growth of now materials.

5.2.1 Nucleation ai Gromth Kineti

Initial experiments using both in-situ electron diffraction and

Sreplication transmission electron microscopy have been carried out to
Investigate the effect of low energy (( 200 eY) ion bombardment on nucleation

kinetics. Preliminary results for Go and GaAs on amorphous SiO2 substrates

show more than an order of magnitude increase in grain size as well as a large

increase in the degree of preferred orientation, (100) and (110),

respectively.

Ion/surfaco interaction effects have been found to greatly affect the

growth kineties of sputter deposited single crystal GaAs. Experiments wore

carried out on (100) GaAs substrates as a function of deposition rate R,

growth temperature T5 , Incident As/Ga flux ratio 
3 As/Ga' and ion acceleration

voltage Vso Atomic Ga and As beams were obtained by sputtering from a single

crystal udoped GaAs wafer while the simultaneous evaporation of arsenic from

an effusion cell provided an As4  overrssure. The results show that in

direct contradistinction to WE growth using thermal beams, I depends not just

on G0 o but also on the surface composition of the growing film and, hence, on

T and the relative As4  overpressure. This is primarily due to secondary

j P4
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sputteriag effects. As analysis of the dto based upon earlier studies

involviag the rogation of thermal moleoular As 2  ad As 4 on leted GaAa
sutaoos allows a determiation of the surface bidiag energy of Ga as a

fuoetion of the As surface coverage.

L.2.2 I~mj.I1 &Z oatLaazaIL

Askievsblo doplag conentrations of msny iportasnt dapasta is lM films

grown under practical conditions has boos limitod by low thermodynami.

stiok iu probabilitiea. Nowver, scelerstion of these dopeats to relatively

low onesies, a few basked OV, has bees shows by several investigators to

result is ohasoemoats is act incorporation probabilities Is OaAs and Si of up

to eight orders of magnitude. We reported similar offet for 8 dopiag of

sptter deposited GaAs last year.

Using the model described briefly in sectios 5.2 above, ve have analyzed

our exporimnestal results for acoelerated S doping of sputter deposited GaAs

[5.51 s As doping of M Si (grown by Dr. Ota, Bll Laboratory, Bolmdale).

Is both eases, several orders of magaitud inrerases woee observed is the
overall incorporation probability, however the detailed mechanisms involved

wore quit* different. Is the former esee, 3 conoentrations [S] of up to 1.2 z

1021 en , as measured by secondary I*& mass spostrometry, were obtained using

IM 5
2 S/Ar glow diseherse "uroe. Usw primary mechanisms of isorporation

invelved a oempotition between dissociative ehomisorptioa coupled with

trappig and prefereatial secondary sputterig giviag rie to a miaimm is []

at a critieal substrate potestial. [] increased linearly with inereasina '28

partial pressure but was sot affect*d by varyiag the As/Go flux ratio between

12 and 40. Very sharp doping profiles (see also section 5.2.3) with so

indication of surf"* segregatios were obtained for programmed dopisg steps.

Is the Si:As ese, the total ioa ourst was low enough to neglect sputtering,
but enhaned sear-surface diffusion sad segregation as well as trappiag had to

be sonsidered.

While the growth parameters were very different is the above •aperseLats.

the caloulated results agreed very well with measured results is both eases.

Sho model is now being seed to sake predictions is other systems sad to

provide a general basis for understanding accelerated doping.
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5.2.3 Segreat ion Donat Disibutin

A segregation model was developed for predicting surface accumulation of

dopants and the corresponding dopant depletion region near the film/substrate

interface during JIE and sputter deposition. The model does not require a

rate-kinetic limitation to lattice incorporation but instead is based on a

surface segregation potential controlled by the strain free energy resulting

from misfit solute atoms, "bond breaking" terms due to a decrease in the

surface free energy when bulk species with lower enthalpies of sublimation are

ezchanged with surface atom species, and the excess entropy of mixing. The

depth distribution of dopant throughout the entire film can be calculated by

solving the full position and time dependent second law of diffusion

accounting for both diffusional and drift fluxes. The segregation potential

enters into the latter term through the drift velocity. The equations are

solved in differential difference form subject to boundary conditions

depending on the nature of the experiment.

As a first application of the model [5.10, we applied it to the well

known problem of Sn surface accumulation in lE grown GaAs where the surface

concentration Sn is typically 3 to 4 orders of magnitude greater than that of

the bulk CSn and a Sn deficient region up to 100 nm wide is left at the

film/substrate interface under normal growth conditions. Calculated Sn

profiles were found to agree extremely well with measured profiles, obtained

using secondary ion mass spectrometry (SINS) in several series of GaAs:Sn

samples (grown in collaboration with Prof. Morkoo) where the growth
temperature, the 'Ing

As4IGa flux ratio, and the Sn flux was varied. By addi

terms accounting for trapping and collisional mizing (recoil implantation) we

can also model accelerated beau doping experiments and are now applying the

model to interpret and explain published results for accelerated doping of

Ml-grown Si. Finally, the model can also be used to predict experimental

conditions leading to better control over dopant distributions. Using these

ideas, we have demonstrated a reduction of 0 in GaAs by - two orders of

magnitude with a correspondingly sharper profile at tJe film/substrate

interface for the same CSn used in the above experiments.

.5
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5.2.4 Growth SingleCrystal Netastable Semiconductors

As reported last year. we are carrying out the first detailed study of
the growth and physical properties of now single crystal metastable

semiconductors. The key feature in stabilizing the growth of these materials

is the controlled use of low energy ion bombardment during deposition to

modify elemental sticking probabilities and adatam diffusivities and to

promote collisional sizing. The research described in sections 5.1 through

5.2.3 above has provided a much better understanding of the growth of these

unique materials. During the past year we have concentrated our efforts on

the study of (GaAs)l -,G ox because of the importance of the end-members, the

interest in Ge/GaAs heterostructures, and the fact that it is representative

. of a new subclass of potentially important alloys, (III-V) IV.

Epitaxial metastable (GsAs)1_Gex alloys with compositions ranging from x

0 to z- 1 have been grown on (100) GaAs substrates by ion beam sputtering

in an ultrahigh vacuum system. Electron channeling, double crystal X-ray

diffractometry, and X-ray t. graphy analyses indicate that the films are of

o very high crystalline perfection. Either n-type or p-type conduction, with n

and p varying over several orders of magnitude, could be obtained by varying

the film composition, the growth temperature, and the As overpressure during

deposition. The equilibrium GaAs-Go pseudobinary phase diagram has been

determined by differential thermal analysis to be a simple eutectic with an

invariant temperature and composition of 8800 C and - 18 mole S GaAs. A great

deal of insight into the bonding structure of these alloys has been achieved

by fitting calculated liquidus, solidus, and soluns boundaries, based on

pairwise potential quasi-chemical models, to the experimental results. Such

models inherently contain not only free energy (i.e. activity) vs x data but

also require knowledge of nearest-neighbor bonding configurations.

Collaborations established with Prof. Dow (theory), Prof. Raccah at UICC

(Raman), and Dr. Aspnes at Bell Laboratory, Murray Hill (spectroscopic

ellipsometry) have also provided a more quantitative understanding of these

alloys. Raman data show single mode behavior across the alloy system with the

LO mode obeying a Vegard's law type of behavior while the TO mode frequency

increased approximately linearly up to x - 0.75 and then much more rapidly

*. thereafter. The elemental mass differences were too small to give rise to

* . localized modes but strong alloy broadening was observed. The broadening
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effects correlate with disorder along the (111) bonding direction. Optical

absorption measurements indicated a large negative bowing in the direct 10

-. band gap as a function of alloy composition. However the shape of the bowing

can not be fitted by simple dielectric parabolic models. Ellipsometric data :1
also indicate large negative bowing in the direct 1 and E2 transitions.

Very recent measurements using analytical scanning transmission electron

microscopy combined with energy dispersive X-ray spectroscopy indicate that

the alloys are homogeneous to within the 3 to 5 um resolution of the

techniques while phase separation was observed after annealing near 8000 C.

This technique offers potential for in-situ phase transformation studies as

well as for resolving current arguments concerning clustering in

suporlattices.

5.2.5 Reactive Ion Etching 9f AU

The first detailed study of the reactive ion etching (RIE) of GaAs has

been carried out by our group [5.8]. We investigated the RIE of (100) GaAs in

pure CC 1 p1 and CF4 discharges as well as in mixtures of Ar and CM4 , CCI 2 F2 ,
4.4Or 0F4. Anisotropic etching with removal rates, R, of up to 800 nia/min have

been obtained in reactive discharges operated at a pressure of 40 mTorr and a

target voltage of -3kV. The physical sputtering rate in pure Ar discharges

operated under the same conditions was only 40 nm/min. A combination of in- r

situ optical emission and absorption spectroscopies have been used to show

that in both pure and dilute (up to 90 mole % Ar) halocarbon discharges,

physical sputtering of atamic Ga and Ai is not a primary etching mechanism for

GaAs, although ion bombardment does play a critical role in the overall

process. Transient glow discharge optical spectroscopy measurements

demonstrated that while R iiareased with increasing Cl/F ratios in the etch

gas, the steady state carbon concentration at the GaAs surface also increased

indicating that carbon accumulation is not the rate limiting step to etching.

Rather, the rate limitation is provided by the desorption kinetics of gallium

halides which we believe are ejected primarily (except in pure CC14 ) through

ion-assisted processes as the reduced radicals GaF and/or GaC 1x (xul or 2).

We have proposed a phenomenological model to provide a qualitative description

of the etching behavior of GaAs in mixed halocarbon/inert gas discharges.
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5.3 Las Silmulateda Reatin

S In collaboration with the Solid State Physics Division of Eastman Kodak

Research Laboratories, epitaxial regrowth of Ge/GaAs heterostructures by

scanned laser annealing of amorphous Go films on GaAs substrates has- been

studied as a function of laser power and scan rate [5.61. At least eight

regimes representing different film regrowth characteristics were observed.

Of these, two were of primary interest. At low powers (between - 1.6 and 3.2

V for a bean diameter of - 40 pm) and scan rates between 1 and 400 cm/sec,

polycrystalline Ge with a (100) preferred orientation was formed by an

"explosive" crystallization mechanism. At higher powers, and over a scan rate

range of 25 to 400 cm/sec. single crystal metastable (GSAs)lxGe, alloys were

obtained by liquid phase regrowth. Typical film resistivities, p, were as

follows: as-deposited p - 1800-cm; polycrystalline films, p = 3 x 10-2 0-cm;

single crystal films, p _ 9 z 10- 4 0-cm.

5.4 Laser Stimulated Chmal Vaui or Depostione

S In collaboration with Prof. Eden of the Electrical Engineering Dept. at

UXUC, we have grown the first polycrystalline Si and Ge films [5.11 on

amorphous i02 substrates (average substrate temperatures ( 120
°C) by the

photodissociation of SiH4/N2 or GeH4/Ee mixtures, respectively, using pulsed

ArF (193 nm) and rF (248 ma) excimer lasers. For both Si and Go, the film

growth rate exhibited a strong dependence on laser wavelength and bean

intensity I where 1 , I I 10 NW. - 0c-2 . As-deposited films had average grain

sizes of up to 0.5 pm and the grains were equiaxed with a random orientation.

Ge films grown at slightly elevated temperatures, -300 0C, were p-type with a

carrier concentration of 2 x 1017 cn and a corresponding mobility of 120

cm2/V-sec. Ge films doped with - 1020 c=73  Al w.are obtained by the

simultaneous photodissociation of AI(C13 )3 and GeH 4. Optical absorption and

emission experiments are being carried out to investigate photon-molecule gas

phase reactions.

* This work was supported by the Office of Naval Research under contract
J00014-81-K-0568.
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6.1 Oissciza.

GaAs is a unique material in that it has semiconductor properties that

make it ideal for hlgh-speed electronic deviss and it has piezoelectric

properties that sake it usable for acoustic devices. Very powerful monolithic

signal processors wiil be. feasible on GaAs because the electronic devices
provide the gain and control while the acoustic devises provide the very
compact low power fast memory required for signal proessing.

Vhea a surface acoustic wave propagates along the metallized surface of a

GaAs substrate it produces potential wells buried a few microns or so under

the surfa* that move alang with the wave at the velocity of sound. Those

traveling wove potential wells, associated with the acoustic wave, are used to

capture the electrons and transport them in synchtonim with the wave. The

objective of this research is to investigate electronic transport by the

traveling wave potential volls for various configurations of-malti-layer GaAs

substrateas.

-~w.2 DgspriU.ation IPrgsIsM

The principle of electronic transport by surfae* acoustic waves on GaAs

substrates has been demonstrated. The first device demonstrated this

characteristic as a delay line which is in many ways similar to a conventional

CCD. The okrge is injected at one point, propagated along by potential

wells, and then collected at a later point. The tine during which it remains

4 This work was supported by the Joint Services leoctronics Program (U.S.
Army, U.g. Navy, sad U.S. Air Force) under contract N00014-79-C-0424.
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in the substrate represents signal delay. The difference between the acoustic

chargo transport (ACT) devices and the conventional CCD is that the ACT

devices have no gate structures, and the char$e is carried strictly by the

potential wells of the acoustic wave. The following paragraphs briefly

describe the first experiments and the results of those experiments.

A photograph of the device shows the overall layout of the ACT and the

physical geometry of the multilayer buried channel structure is described as

follows: The layers, grown by molecular beam epitaxy on a [1001 out Cr doped

* - GaAs substrate, consist of a 1.7 ps thick P layer (Na - 1015 cm- 3 ) and a 4.7

pa N layer (Nd - 10P cm 3 ). The device transfer channel located under the

Schottky Barrer region is oriented in the (110) direction, and is delineated

by a preferential mesa etch to a depth of 5 pa. OMic contacts to the input

and output diodes and to the exposed P layer are formed using the liftoff

process. After the contacts are alloyed, the Al Schottky barrier, acoustic

interdigital transducer, and interconnect pads are formed using standard

L photolithographic techniques. The interdisital transducer, which has

approximately 100 electrode pairs, generates 7.9 pm wavelength SAN over a ben

5 width of 150 wavelengths at a frequency of 367.1 Nz. The transport channel

is 1 m wide and 1.55 - long corresponding to an acoustic delay between the

input and output diodes of 0.5 ps.

The Schottky barrier region '., depleted with DC bias and the SAW

generated by the transducer propagates from the input diode to the output

diode. Charge carriers are injected into the wave by applying a short

negative pulse to the input diode. The electrons are bunched and transported

along the channel by the potential wells of the SAW. When the wave amplitude

is large, the injected electrons are quickly bunched and moved synchronously

with the wave, at precisely the sound velocity. Upon reaching the output

diode the delayed charge packets are swept out of the wave by the applied

reverse bias resulting in a current spike in the output detection circuit.

In the absence of loading and diffusion effects, the minimum traveling

wave electric field sesessary for the synchronous transport is about 40V/cm.

In our experiments the aeoustie power is 10 nl resulting in a peak electric

field of about 600 V/em. The fields will be an order of magnitude greater in

future experiments. The output diode current obtained when the SAW transducer

is drivem by a 36? Aft soure is found to be a nearly perfect delayed replica

L
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of the Input waveform.

There are several fundamental features of the ACT device:

(1) Synshrozous electron transport is induced using the SAW as a natural

.3 cloek" eliminating the need for transport Sates and the multiphase-clock

(2) The interfering wolock" noise Is eliminated.

(3) The ACT Is expected to be uonolithically integretable with high speed

electronic components.

(4) Nigh clock frequencies and large time bandwidth prducts appear to be

feasible because the charge transport efficiency is high.

The experimental results show that the ACT has the potential for the

Implementation of high speed, large 'time-badwidth product, large dynamic

range, monolithically integrated signal processors.

6.3.2agank Reuismeats La 1A Tac nle

6.3.*1 Efficien LK convoy-or

Line Acoustic Wave (LAW) convolvers with a measured internal efficiency

factor of -4Odbm have bees demonstrated. At least 10db of the losses are due

to bulk wave generation, and resistance in the conductors. If these loss

mechanisms are reduced, a -S0dbm internal efficiency factor should be

possible. This is about two orders of magnitude more efficient than the

Surf ace Acoustic Wave convolvers presently In use.

The dynamic ran$e of LAW devices -Irprisingly high. Devices

implemented with narrow bandwidth IT trans, I*laced along the edge have

been operated with input power levels in szoets of + 276Um. The LAW

convolvers are naturally resistant to second harmonic generation and no

saturation affects could be measured at these Power levels. lowever, the wide

bond LAW ITs are destroyed while operating at such high powers. The failure

mechanisms invariably involve the high electric fields associated with the
N, wideband IN, ad these failures will be reduced with the Multi-Strip mode

0 This work was supported by the U.S. Air Force under contract 119628-81-
"03O1.
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Converter transducer. (NINC)

6.3.2 Lgghand ransducers
Broadband IMSC LAW transducers are implenented by generating surface

L acoustic waves and then converting then to LAWs. The efficiency of the

surface acoustic wave to LAW mods conversion process Is expected to reach the

1 to 2 db level. It should thean be possible to build a NSNC LAW transducer

with an insertion loss of about 5db. This will be further reduced by two to

three db if unidirectional SAW transducers are used as part of the NSKC. The

bandwidth of the NC LAW transducer has been increased from 2% last year to

the present value of 7% and devices with 20% to 30% bandwidth are presently

being processed.

m
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S. Abrams D. 7. Couluan 7. L. Vittitow

S. 6. Brass 3.-W. Fisk F. Watanabe

3. I. Ckin To C. Lo T. D. Wrigley. Yr.

7.1 DRLLALa AM Reactivit na JLa'

Part of our effort has bees eonentrated on uaderstanding how polystomis

molecules doempose on a solid; in this work we have boon focusing upon the

intetations of methane with tusgstes surfacs. ahoso interactions are

partiolarly istoosting. Dooeposition of methane on metals requires a

siseable activation energy and this system therefore affords a good

opportuity for exploring the meekaaism of such reeetions. In the past. our

studies have been done on evaporated films; for these we have built up a

coherent view of the molecular events on the surface [1.7.8]. Recent work

has stressed the role of surface structure in the decmposition process. For

this, now techniques and equipment have been implmented to allow measurements

on ell-ohsraeteried single crystal planes.

In order to follow the Interactions of methane, a rather unreactive gas.

we have adopted contaet potential measurments. ahese make it possible to

establish the surface @overage without perturbing the gas with eoergtio

electross, high fields, or thermionie soures. he system which has been

built for contact potential measurements on single erystal planes is shown

sehematisally in Vig. 7.1. In it a moloolar boom of hot gas impinges on a

single crystal specimen. Changes is the genteet potetial arising when the

impinging methane decmposes on the soface &re measured by a vibrating

* • This work was supported by the Natieal Selsens Foundation under Grants

MIE 7-25015 amd $2-01884.
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reference electrode of gold, which is placed in close proximity to the surface

before and after Sas bombardment. The cleanliness of the sample prior to

measurements, as Well as the contamination rate in the system, is determined

by an Auger system relying on a small retarding analyzer built into the

reaction chamber.

The results of studies on the (100) and (211) planes of tungsten are

shown in Fig. 7.2. The activation energies differ significantly on the two

surfaces, the (100) being more unreactive. There is also a sizeable isotope

effect for both, with the barrier for CD4 exceeding that of CH4 by more than

20%. In these experiments only the beam temperature is chansed; the crystal

is maintained at room temperature. These activation energies therefore refer

entirely to excitations Imported to incoming gSa molecules in order for then

to react.

Further experiments, on differently oriented planes of tungsten, are

underway in order to more fully expose the relation between surface structure

and reactivity toward methane. One thins has definitely been established -

the atomic arrangement of the surface plays a very significant role in

affecting the activation energy for molecular decomposition.

In a chemical reaction on a solid, the initial act of molecular

decomposition is only one of a sequence of steps which finally leads to a now

product. At some stage of this reaction molecular fragments must diffuse over

the surface to form now chemical combinations. Part of our studies has been

:. aimed at examining how diffusion occurs on macroscopic crystal planes. To

carry out these invostigations we have built a molecular beam system,

illustrated in Pig. 7.3, in which a localized deposit of gas in the form of a

* -. line is formed on a single crystal plane. By moving the sample across the

fixed electron beam of an Auger spectrometer, the concentration jL of adsorbed

"as can be determined as a lunction of both time and position. In principle

it should therefore be possible to measure the transport over the surface and

thus to establish the surface diffusivity.

A start in this effort has boon made with preliminary studies of nitrogen

on V(100). Measurements on an initial deposit of half a monolayer are shown

in Fig. 7.4. In diffusion over the surface we expect a general redistribution

*.. of the Ss, leading to a broadening of the concentration profile. There is

little indication of any such effect in the data. The peak of the

.. . . . . . . . . . . . . . .
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Tempowture (K)

25 CH CM W(211)
, eo75t 0.4 kcal/mole

2 i

5 C. L o(10Lo

3 103/T (K)

Fig. 7.*2 Temperature dependence of methane decomposition on different

faces of tungsten. z5 activation energy for decomposition.
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1.10 A

S... Initial
"...... After 5 min.

0.88 - After Omin. I
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Fig. 7.4 Concentration profiles for nitrogen on W(100) after equilibra-
tion at 13000K.
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Fig. 7.5 Intensity of nitrogen Auger line versus substrate intensity,
for increasing extent of nitridation.
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Fig. 7.6 Auger scans for Si(l00) at 32Kexposed to 1 x 10- 5 Torr for 30 min.

(a) No electron bombardment during oxygen exposure
(b) Continuous electron bombardment
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Fig$. 7.7 Auer scans for Si.(100) at room temperature

(a) No electron bombardment during oxygen 
exposure

t(b) Continuous electron bombardment
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oxidation of silicon.

Our work on the spatial stability of these overlayer structures will

*-,. focus upon surface transport as the important mechanim. Such transport is

quantitatively characterized by the diffusivity D in Plick's second law [7.11,

"" which for one-dimnsional diffusion appears as

ac -- D -- (1)
at aX ax

One of the problems in surface diffusion is that the diffusivity is generally

not a constant at constant temperature, but instead varies with concentration.

Under these circumstances Eq. (1) has not been solved in closed form and the

question is: Row can D be deduced from experiment?

Using the Auger methods described in Section 7.1. the concentration

profile, that is the concentration as a function of position. can be obtained

for diffusion intervals of different lengths. Prom one such profile the

spatial derivatives can be evaluated; the time derivative at constant

concentration should also be available from several such determinations.

Using computer modeling we have begun to explore how effective this technique

is, and how much data are required for its Implementation. In Fig. 7.8 is

shown the form of the diffusivity assumed in our trials. This is compared

with the values of D derived from measurements of seven concentration

profiles. From this preliminary work it appears that our technique has

promise. It still remains to explore how significant experimental

uncertainties are in affecting the derived diffusivity, and how much data are

required for reliable results.IF

7.3 Ah.I u L Crsal LIuzac

In an endeavor to better understand the formation of metal overlayers on

solids we have been examining the individual atomic steps involved in such

processes using the field ion microscope. Diffusion of individual metal atoms

is obviously important; we have shown in past studies that atomic diffusion in

some systems, at least, may be quite complicated [321. On the (110) plane of

This work was supported by the National Science Foundation under grants

not 80-24061 and 82-01884.
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7x108

'J 6 % Actual
Diffusivity

E5  %

(04%
Derived

03

0 0.1 QZ 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
Concentration (monolayers)

Fig. 7.8 Concentration dependence of diffusivity derived from computer
generated concentration profiles, compared with input values.
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certain fees-centered cubic metals. atomic diffusion occurs by a replacement

mechanism in which the adatom displaces the lattice atom, pushing it into an

. adjacent channel while Incorporating itself into the lattice. According to

our studies this is how notion takes place on the (110) plane of iridium. Now

it is known from work on large scale single crystal. that Ir(ll0) is

reconstructed and does not have the atomic arrangement of a (110) plane in the

bulk. In contrast, the (110) plane of rhodium is not reconstructed, and on it

diffusion is normal. Is there a connection between cross-channel diffusion

and surface structure?

Regrettably the atomic arrangement of the planes on which diffusion

measurements have been made is not known; we have begun an examination to

better define the atomic arrangements. From masurements of the spacing

between the (110] rows, we know that Ir(ll0) produced by low temperature field

evaporation has undergone a (2 x 1) reconstruction: the distance between the

imaged close-packed rows is twice the normal. This still does not define the

positions of the individual atoms at the surface. Te have been able to get

some idea about this from observations of a sequence of field ion images

produced by evaporating one layer of the surface, imaging. evaporating another

layer, and then reinaging. The present view of the atomic arrangement of the

(110) of iridium, as produced by field evaporation, is shown in Fig. 7.9. The

plane is seen to be restructured in a complicated way involving a considerable

displacement of many surface- and near-surface atoms. The eztent to which

other foc materials undergo _,similar rearrangements is presently being

investigated.

A beginning has also been made at ezamining the actual formation of an

overlayer. In these studies rhenium layers on W(211) have been explored. By

using a single rhenium adatom to map out binding sites on the surface it has

been possible to establish that rhenium layers are pseudomorphic with the

substrate; that is, their structure conforms to that of the W(211) surface.

The energetics of rhenium atoms bound to the layer have also been examined.

Hero most unusual results have boon obtained. As indicated in Fig. 7.10. the

binding energy of an adatom in a channel adjacent to a large rhenium cluster

does not agree even qualitatively with our standard notions. Vhen four sites

are available to the adatom, the binding energy at the two center positions is

higher than at the ends. That, of course. is as expected. At the center
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Fig. 7.9 Top- and side-view of reconstructed (110) plane of iridium.

T-379 0K T:347°K T-379*K

t'.0'

,-zoo-

S-W -

1 2 3 4 1 2 3 4 1 2 3 4 5
* Atom Position

Fig. 7.10 Relative binding energy of rhenium atom at rhenium cluster
on W(211).
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Positions the aumber of neishbors around the adatom is larser than at the

ends; however, when the cluster presents five edse sites, the situation is

quite different - the binding of the center site is actually less than at

adjacent positions.

If this effect proves general it would have considerable importance for

rationalizing the properties of overlayers, and work on atom bindings is
*therefore continuing.

Refearenaces

1[i COL Annual Report of ProSrass 1980-1981. 7.1.
[21 3. D. Wrigley and G. Khrlioho ZkyjnAj Revr Letters, vol. 44. pp.

661-663. 1980.
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8 . E.ZCTIOK&AGNETIC CONMUNICATION, RADIATION AND SChLTI!RNG

!. Isyashi R. Mittra

B.1Farr S.Ray K. Webb

3. last..: T. Tr ink Y. Wilson

8.1 Mllinslfa-waza Itegated Cirulia

In the past twelve-math period, we have investigated' five different

aspects of ailliaster-wave Integrated circuits 0010C. These are: (i)

multimode operation of NNIC with the objective of utilizing the waveguide and

gcomponents at frequencies that are such higher than that for which the

waveguide Is originally designed; (ii) theoretical and experimntal

investigations of fin lines with one or more layers of dielectric and ferrite

substrates; (lit) development of new types of planar waveguides for NIIC

application; (iv) analytical studies of discontinuities in open waveguides

using the newly developed speetral-4emain technique; and Mv design of

waveguids filters by Introducing periodic discontinuities in the planar guide.

Iultiaoded waveguides are expected to play a very important role in the

design of subMillimter-wave systems operating, say, in the 220 (Esz window.

This frequency range appears to be well-suited for imaging radar application.

Sinces the dimensions of the waveguides and comiponests becsme extremely small
at frequencies above 100 011, It is worthwhile to determine whether a

- - waveguide structure designed for the 3e-Band (10 G~a range) can be utilized in

the 220 01s range. We are eurrently performing studies on different aspects

of this question.

* . A systematic investigation of this question requires, as a first step,

7 his work was supported by ArvW Research Office Grant DAAG2S-82-K-0084
and by the Joint Services Ilectronies Progrem (U.S. Anw, U.S. Navy. U.S. Air
Force) under contract N00014-7P-C-0424.
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the development of an efficient computer program for the determinatiion of the

propagation constant, and the computation of the field distribution for the

different modes in the guide. Such a program has been developed and tested

for the fin-line configuration, which promises to be a good candidate for both

the millimeter- and submillimeter-wave ranges. The program is able to

accomodate both the isotropic and anisotropic (o.g., ferrite) substrates.

Anisotropio substrates are, of course, employed in the design of nonreciprocal

components, such as isolators. The theoretical results for the

* characteristics of the fin line are also being verified experimentally. Plans

for testing the nmltimode wavesides are currently underway. Preliminary

results for the propagation measurements look encouraging and a more thorough

investigation is currently being planned.

Along with the fin line, we are also investigating other types of

shielded, planar waveguide structures which appear to have some unique

advantages. One of these is the suspended 3-guide shown in Figure 8.1. Its

advantages are low metal loss, total shielding and compatibility with other

components fabricated by using the suspended I-Side. A theoretical analysis

of this guide has been completed and numorical studies are currently being

performed. The potential use of the suspended I-suide as a building block for

"IaC Is also being investisated.

": An Important theoretical problem erising in the development of DEIC

components is the understanding of the behavior of discontinuities in open

waveguides and their circuit characterization. Conventional approaches to

analyzing closed waveguide discontinuities are not very useful In the

investigation of open-region problems, because the open waveguidos not only

support the. usnal bound modes, but an infinite, continuous spectrum of

' unbounded modes. We have been developing a now approach based on the spectral

• .domain technique which appears to be well-suited for geometries which are

unbounded in nature. When fully developed, the method is expected to fill an

important gap in the array of theoretical or numerical tools available for the

analysis of open region discontinuity problems.

Other components which we have studied are filters and periodic and

leaky-wave antennas. We have investigated two different kinds of filter

designs - array of sandwiched dissimilar dielectric sheets and periodic notch

discontinuities in a planar dielectric waveguide. In the recent past, we have
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investigated printed metallic strip discontinuities fra the point of view of

designing leaky-wave antennas. Both theoretical and experimental

investigations have been carried out and extensive results have been obtained.

Future work will be directed toward designing wavoguid filters using periodic

strip discontinuities.

8.2 Electromnaotic Scatter and Ma Target IdentificatLon*

o have boon developing a now spectral domain technique for solving

oloctromagnotic scattering problems involving arbitrary scattorers which may

- either be dielectric (lossy or lossloss) or perfectly conducting. This method

has been devised to serve as an alternative to Moment Methods and Asymptotic

-*. Techniques for solving EM scattering problems in the intermediate frequency

range. The method takes advantage of the simplicity with which the planar

source-field relationships are expressed in the spectral domain. The boundary

* conditions or constitutive relationships, on the other hand, are expressed

most simply in the spatial domain. Alternating between the two domains is

carried out with the FFT algorithm. A technique that has been applied in the

past to planar structures has boon generalized to accommodate three-

dimensional bodies. This is accomplished by sampling the current distribution

on the scatterer over a number of parallel planes, and using the simple

spoctral-domain interaction relationships between the planes. This now

approach is applicable to arbitrarily shaped conducting, dielectric or lossy

dielectric scatterers. It has a larger data-handling capacity than that for

- Moment Methods and is more general than asymptotic techniques. Thus, it

provides an efficient, much-needed approach to filling the gap between ther
low- and high-frequency conventional techniques.

During the past year, additional work has been done on the problem of

- radar target identification by the method of determining the spatial

distribution of scattering centers. It has been found that both specular

points and edge diffraction points can be located and categorized by analyzing

RCS data with the Prosy algorithm. A modified Prosy algorithm has been

developed to handle the ease of split spectru measurements, i.e., when ICS

e This work was supported by Office of Naval Research Grant N00014-81-K-
0245 and by the Toint Services Electronics Program (U.S. Army, U.S. Navy, U.S.
Air Force) under contract N00014-79-C-0424.
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data are gathered in 2 or 3 frequency bands which are not contiguous. We have

shown that mny of the advantages of wide-band neasuroments cas be obtained by

-: oembining data from maller (and. hone, more practical) subbands.

Progress has been made towards anaswering the question of whether or not

the scattering center description is still valid when corners are rounded or

coated with dielectrics. In order to determtne this, the forward-scattering

problem mst first be solved. Computer prograns based on the spectral

iterative technique, described in the last paragraph, are currently being

developed for solving the above-mentioned forward problons.

-.1

% I
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9. PLASMA PHYSICS*

Faut M d Seniorf f

X. Raether

k S. IL Aulti

9.1 Saisial Zzanazkiu gL Plaaa X auhalnu

The objective of this research is to study the statistical properties of

plasma tur ulence. The system under investigation is the positive oolvmn of a

do-discharge in helim which is ustable with respect to the spontaneous

excitation of ion acoustic waves. Electric field fluctuations of the

turbulent wave field are pieked up by a Langnuir probe and their probability

distribution is measured by a fast sapliag method. Significant deviations

from Gaussian behavior are noticed in the unstable regine. This together with

evidenoe derived from the spectrun points to possible phase and/or amplitude

correlations between waves of the kind that is typical for wave-wave coupling.

This allows us to draw conclusions as to the nature of the phase and amplitude

ensemble of the Fourier components.

eThis work was supported by the University of Illinois.
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10. RAREIED GAS D7YNaNCS, AND WNPUTIONAL GAS DINANICS

S. K. you

R. Chaberlain V. R. Ralt I5. 1. Lee

10.1 1zALL2A iftUInAlg

Rarefied Sa dynamics deals with non-equilibrim ao flow problems in

which microscopic treatment according to kinetic theory is necessary to

determine the effect of intermolecular collision* ad gas surface interactions

.4 @3 both th. microscopic and macroscopic gas flow properties. fSc rarefied

Sao flew problems occur not only is aerodynamics, but also In electronics,

aeonem,. snviromnatal fluid dynamics, and other related fields.

The &in of this research program Is to develop snrical methods to solve

awide range Of ProbleMs Under conditions far from and near thermal

equilibrium. A Neste Carlo method has been developed at the Coordinated

Sciesce Laboratory M31l to solve directly the Boltgsan equation and has been

used by the Boltzmann group to solve the Doltzmasm equation for several

rarefied Sas flow problems under a wide range of nonequilibrims and boundary

conditions [24-73. The solutions we have obtained yielded detailed

SMicroscopic and mcroscopic non-equilibriam properties, most of which hive

never been treated ad studied before. We have also studied numerical

* .% solutions of other kinetic equations and other numerical methods to solve

rarefied gas flow problems, including the direct simulation technique.

Nonlinear evaporation-condensation problems are encountered in such
diversified are"s as upper atmosphere meteorfology, the cooling of nuclear

reactors, design of space experimests. petrochemical engineering, vacuum

te*Uolegy. =4d the interaction of high power laser radiation with metal
surfaces. The treatment of these problems requires first the consideration of

vapor kinetics problems characterized by the nonequilibrium vapor notion in a
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L huieas loges at the isterphase boundary. Under a joist research efforts we

hew., sucessefully solved the evaporation problem 1383. Ouw So1 tamana
solutios establish the validity of the Krook solution sad !trohus' kinetic
thery approach 13O3 I trehs approach ea be used to calculate the Jump
eeuditis saetes the Roales layer mod, the set mass# memestum, sad host fluxes

1.3 aMd. toether with the eeavetieal sestins method, to calculate the
flew peremeters at the esOter edse of the Kmaudac layer for problems in which
evaporation 0esure at the isterphase, boundary.

ftsdios hey. also bees ae for the cadessatios problem [10.23. 1k.
fa-equilibiu Vapor sear a cndensing surf s" differs frow that sear as
evaporating surface, Md its behavior is more complex. Our Soltzmass solutios
yield. distinct anos-equiibrium behavior In the Kaudsn layer of Geadeasiag
vapor. The sendessatios, rat as a fuactios of pressure ratio was found to
depend stroagly em -the suibstaswe parameter 0 which is proportional to the
ratio of the latest beat ad its liquid surface temperature. gome of our
results vere fond to be is agreement with thoe" Obtained by Rains Vie simple
approches, of OgUchi ti.) ad XTru Ill,

WO plan to study furthe the evaporatios sad the ceeseation problems by
*considering sore *"*Ilez flow, sad bouiadary conditions.

h0e surfsee wape praes esscmtered, is saval bydrodyamc are
hasterised by ee00leait is is flow geouctry. flow features and boundary
eendittoss. ase flew as as umhaem free surfaee sad it is propagative and
;Ssssieat. Use bewusissy .mlti.. at the free surface Is of a mixed,
patsbal ie tym sad It ometaisa hwhy aonlinear torms. In the steady state,
thoese also esist a ra"W" bowwary condi ties. since, the waves * one
emterated, propagate deurne8em. Thei ecaplezities ]"we led to several
eestitml diii ealdes eeately assomedatiag the free surface

geeeety. sati efh* the besuhey eculities umifetaly ever the fre, surface.
ereatiss the radatiem befteay eemiitios ad implementing the boundary
ecu12ditios at the ecuhtaft Lim of the free surface with the solid surface of a

0 This Work wase eppeted by theo Off ice of Noval Research under Contract

W1w440
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partially submerged body.

In the initial phase of our study, we have developed two time-dependent

numerical schemes with Bulerian grid systems for solving steady and unsteady

potential flows for nonlinear free surface problems. In one method

[312.R1$,R15.] we use the finite element method to deal with the geometrical.

complexity and the free surface boundary condition of the nonlinear free

surface problems. In this scheme, the finite element method is used to make

the field calculation and the finite difference method is used for the time

evolution. We have used this method to solve two problems: a pressure

distribution moving with a constant speed and a moving submerged elliptical

cylinder or a symmetrical hydrofoil.

We have also developed an explicitly time-dependent finite difference

scheme [R14,16]. We have used this method to solve two problens: a pressure

distribution moving with a constant speed and an elliptic cylindrical,

surface-piercing strut accelerating from rest. Our solutions serve to

demonstrate the feasibility of using the method to solve two-dimensional as

well as three-dimensional problems.

The results of the initial phase of our study were presented at the

Second International Conference on Numerical Ship Hydrodynamics [R161.

In both numerical schemes mentioned above, the computational domain is

expanded downstream periodically during the computation as the disturbance on

the free surface is propagated close to the downstream boundary. Therefore,

the undisturbed condition is applied on the out-off downstream boundary.

In order to obtain the longer time and steady state solutions, we use a

fixed downstream boundary set close to the disturbance so that we can increase

the computation efficiency by dealing with a small computational domain. The

second phase of our study has been focused on the application of our numerical

schemes to the nonlinear free surface problems with a fixed, snell

computational domain. We have studied two approaches. In each approach, we

have used Orleaskis method [R17.R181 to implement the open boundary condition

at the outflow boundary. The two approaches differ in the treatment of high

.1 frequency errors that appear in the solution and that inhibit accurate

treatment of the open boundary condition. In the first approach, we used

filtering to minimize high frequency errors. However, this was found to be

effective only at an early time; therefore, it is suitable only for obtaining

.. ~ -- -
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traL-iont solutions. In the second approach, we used damping in our time

marching schenes. Damping was found to be more effective in controlling high

frequency errors. Transient and steady state solutions have been obtained for

the pressure distribution and the accelerating strut problems.

The results of the second phase of our work were presented at the *Third

International Conference on Numerical Ship Hydrodynamics [R19].

We are now in the third phase of our research. The objective of the

study in this phase is to apply our method to the ship wave problem. We have

chosen the ship of Wigley shape as our first problem. The hull shape of this

ship is shown in Fig. 10.1. The numerical method we use has the following

- features:

(1) the mesh system accommodates both the free surface and the hull surface,

(2) the nonlinear free surface condition is satisfied accurately, and

(3) the computation efficiency for the field calculation is increased by

using the successive line over-relaxation method.

The computer program to implement our method for the Wigley ship has been

Uwritten and preliminary calculations for the early times have been made.

10.3 Aeoyaic

The objective of one of our studies for aerodynamic problems is to solve

directly the Ruler equation in the entire compressible flow regime: subsonic.

transonic and supersonic. There are several reasons we wish to do so. One is

to consider the rotationality in the flow. The other is to facilitate error

study of the calculation since the same basic equation and the same numerical
7-

* method are used in the entire flow regime. Our initial effort is to study the

numerical solution of compressible flow over an azi-symmetric triconic body.

We selected the implicit factored scheme which was developed by Warming and

Berm [R201 to solve the Navier-Stokes equation. We used the AIR3D Navier-

*" Stokes computer program developed at NASA/AMES and adapted by Nietubicz [R211

for axi-symmetric flows. We developed and used a mesh generation system

designed for the triconic body. In addition, we revised the implementation of

*e several boundary conditions.

We have obtained the Euler solution for N, - 0.5 to 2.75. In order to

speed up the convergence, we use the solution for a lower Mach number to

A. . . . . . . . .. o
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initialize the solution of a higher Mackh umber. The mesh system had to be

refined whenever necessary for the calculation of flow for a given Mach

number.

, Fig. 10.2 shows the surface pressure distribution, C vs z for Mo - 0.5,

0.95, 1.2 and 2.75. These results are compared with calculations by Gustafson

[R221, who used a panel method for potential flow for X. - 0.5, relaxation

method for transonic flows for X. - 0.95 sad 1.2 and a finite difference

method to solve the Euler equation for the shock layer for X. - 2.75. The

local Mach number contour lines in the physical domain for M. 0.95. 1.2 and

2.75 are shown in Fig. 10.3.

[ A1] A. Nordsieck and B. L. Hick, "Monte Carlo evaluation of the Boltzmann
collision integral," hrefied ias Dynamics, Academic Press, p. 675.
1967.

[R21 3. L. Hicks, S. X. Yen and B. J. Reilly, "The internal structure of
shock waves." . X* cka., vol. 53, Part I. p. 85, 1972.

[R31 S. K. Yen, "Monte Carlo solutions of the nonlinear Boltzmann equation
for problems of Beat transfer in rarefied gases.," Intenatinal L. L
otaU TZansfer, vol. 14, p. 1865, 1971.

(R41 S. X. Yen. 'umerical solutions of non-liear kinetic equations for a
one-dimesional evaporation-condensation problem," Intera.tonal 1. of
Cmuaers a&lJis, vol. 1, p. 367. 1973.

S[R51 8. X. Yon and W. Ng, "Shock wave structure and intermolecular collision
laws," j. .o uid Mechanc, vol. 65, Part I, p. 127, 1974.

[R61 S. M. Yen, "Solutions of kinetic equations for the nonequilibrium gas
flow between emitting and absorbing surfaces," Rarefied 2" Dviamis.

doDFVlR-Press, vol. 1. p. A.15-1, 1974.
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11.1 Ezatusial Funl 1046 Lm IkAIsL UIsM. O

Typical physical failures observed in the field were simulated at the

circuit level on basic am30 sad COS cells to study their effect at the logic

• * level. We have found that may physical failures could mot be modeled by

sozitiag fault models such as the stuok-at models. The results of these

detailed studies were used to develop a multi-valued algebra which could be

used to predict 306 circuit behavior under physical failures for large

modules. Usiag the rules of the algebra, a simulator has been implemented is

0 This work was supported by VESIC (U.S. Naval Iletroics System Commeand)
usdor costret amber N8OO9-gO-C-O$6.
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PASCAL under VAX/UNIX; this is about two orders of magnitude faster than

c •ircuit aimlation. Lh0• studies have also been used to derive functional

level fault models for modules sueh as Programable Logic Arrays asd Decoders

which have some structural regularity.

From the circuit simulatiom study. we have also derived approximate

formulas for estimating the changes is the inversion voltage and gate delay

due to a shift in the threshold voltage. On" the behavior of a fault-free

circuit is determined by circuit simulation, the formulas can be used to

estimate the changes in the circuit behavior duo to a threshold fault.

11.21SU fuuazilm La Complex Digital z lMa o

As integrated circuits increase In complexity, the problem of testing

* them is becoming more and more difficult. We have found that our approach of

describing physical failures at the functional level and deriving tests at

this level is an excellent solution to this problem. This tohique has bees

successfully applied to deriving tests for memories, programmable logic

arrays, and regular Logic structures. A now and efficient memory test

algorithm which will detect interactions between multiple cells in a memory

has been derived; previous work had restricted the number of interacting

cells to two or three. Ve have also found a method to design easily testable

0 logic structures directly from a high-level language description of the

desired function. The isherent structure Is a tree which provides a high-

speed realization of the function. An efficient algorithm for testing general

tree structures has also been found.

The current trend in designing complex systems is toward the use of

structured techniques, and this has motivated the design of a fault simulatiou

tcshnique which takes advantage of structured design in order to reduce the

complexity of simulation. A concurrent fault simulator which hierarchically

evaluates the input design has been designed and is being coded to evaluate

the performance.

a]

ieThs work was supported by the Joint Services Electronics Program (U.S.

Army. U.g. Navy, and U.S. Air Force) under contract N00014-79-C-0424.
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11.3 Conurent AgM blaat m usMmo

A functional error model has bees fezmlated for information transfer ad

storage in a mieprgrumble eeatrol units and coding and addressing

techniques have bees developed te* detostiag these errors concurrently- with

normal operation. Thee tookafwe are also applicable to detecting

addressing failures Insmoe7 syst.

We have developed as erreg-,deteetioa sehome based on time redundancy;

this scheme, called 3.computiag with Shifted Operads (315). is applicable to

both arithmetic and -logia operations. It has bees extended to include

multiply ad divide arrays. This seheme has also bees extended to correct all

functioaal errors Is a typical adder using time redundancy when the errors are

- . conf ined to a small area of the ship.

A study of programmable logic arrays (PLAs) has found that physical

failures will result is usidirectional errors at the outputs. Design

procedures have bees found to design FLAs with concurrent error detection

using unidirectional error-detecting codes such as Berger codes or s-out-of-a

codes.

11.4 Desi Modules ilik Sgs2AKq1 Jku Dtetio

W. have designed a parallel-pipelised module which performs the butterfly

operation, the control, ad the data storage of the Fast Fourier Trasform.

Right butterflies are performed on one eight-bit alice chip. Coacurrent error

detection was achieved by 350 for the ALU, parity for the memory and data

paths, ad by duplicating the control. The chip has bees laid out is nilDS

technology.

A residue number-encoded digital filter architecture has bees designed

and is being laid out for aMOS, fabrication. It is organized as a multiple

stream, pipelized structure allowing high device utilization and modularity.

The residue system allows fault tolerance and graceful degradation.

An architecture sad an organization have been defined for a useful

multiple instruction stress shared pipeline processor implementable on a

single chip.

CThis work was supported by VESIC (U.S. Naval Slectroaics System Command)

under contract NOOOSF-8O-C-0SSE.
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A cell for a systolic array processor has been designed and is being laid

out using a CM0O process in cooperation with ESL, Inc. It incorporates a

two-stage pipeline and uses R380 and parity for concurrent error detection.

, Its primary application is for Finite Impulse Response filtering.

An address generator chip, which will rapidly generate memory addresses

U for array elements in loops under control of a host processor, is being

designed and laid out using COS rules in cooperation with ESL, Inc. it

allows up to eight indices in the array. The appropriate stride constants are

stored in the chip prior to entering a loop.

"The design and nMOS implementation of a microprogram control unit with

control capability similar to the AND 2910 microprogram sequencer have been

undertaken. The concurrent error detection techniques developed in the group

for microprogram control units are being implemented in this design.

A design in nilOS technoloSy of a crossbar switch which could be

potentially used in a multistage network of the delta type has been completed.

Two types of chips, a control chip and a data chip, have been laid out for

this purpose. We are now working on incorporating concurrent error detection

in the module.

A complex multiply-accumulate chip with concurrent error detection has

been laid out in eMOS technology. This chip uses RESO for concurrent error

detection.

11.5 Fault-Tolerant atizi Algorithms LM rocessorzAtzs

Classical techniques for fault tolerance are based on replications of

modules, with the errors from a failed module being masked by the correct

outputs from the good modules. We have found very efficient techniques for

fault tolerance in matrix operations where the inherent redundancy in the

algorithms executing on array processors is used to detect and correct errors

from a failed processor. The techniques use the idea of checksums in a novel

fashion, and the redundancy required is only of the order of (1/n), where a is

the size of the array. The method can be used either with mesh-connected or

systolic arrays. By tailoring the fault-toleramee technique to the algorithms

$ This work was supported by VISIC (U.S. Naval loectronics System Command)

under contrast N000O-80-C-0556.
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used and to the strueture e the arrq processor system, we are able to

achieve error deteetioe and seaeeties at a cset far less thean that of using a

general replication technique.

11.6 A Suars Matixi Process

The eff iciency of sparse matrix *mputatious ass be dramatically Improved

by using natrix sparsity patterns to eliminate oditiemsl branches and array

indez calculations. We have eztended this technique for highly oonourrent
parallel processors. Static scheduling -of sparse matriz computations at

compilation time results in lower overhead and higher resource utilization.
Generating addresses and other control information at the site where it is

used reduce* the anout of interchip oommunioation during ezoeution. A

compiler-architecture system using this approach has been proposed and

evaluated for its performance on sparse LU decomposition and sparse matrix

multiplication. High resource utilization. (over 80%) was observed for

hardware configurations with up to 128 processors when large matri es

(400400, S elements par row) were used.

11.7 li ArchittuesO

We have been able to construct mathematical models of istruetion-unit

pipelines with probabilistic flow-perturbing oeoption conditions. These

models are valid over wide- agos of system parameters. A traeo-proessing -

algorithm which yields ezact performance neasurements of programs which are

subject to data and control-flow dependencies in pipelines has been developed,

and an ozet residual-tine model has been derived for hardware dependencies in

pipelines. These are the first known models for Instruction pipelines which

can effectively evaluate performance under effects such as coohe miss,

resource conflict, error retry, breach ad data dependency, and function-

dependent segment time variation.

A study of the recovery of pipelined systems from transient faults has

0 This work was supported by the Joint Services Electroals Program (U.S.
Army, U.S. Navy, U.S. Air Force) under contract N0014-79-C-0424.

CC This work was supported by the oint Services Electronics Program (U.S.

Army, U.S. Navy, U.S. Air Force) under contract NO0014-7T-*-0424 and by VSIIC
(U.S. Naval Electronsis System Command) under contraot N0005-80-C-0556. "
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produced an approximation for the distribution of faulty periods which

compares very favorably with simulation.

11.8 Strsuctud Memor Acces Ahiiutima

Our Structured Memory Access (SMA) architecture represents a significant

breakthrough of the "von Neumann performance bottleneck" by reducing memory

wait time and by eliminating a majority of the memory references required to

execute a program. This breakthrough is achieved by decoupling the address

generation process from the data computation process. A simulation, running a

Gaussian elimination program, showed the performance to be a linear function

of the pipeline lengths of the Memory Access Processor, the memory, and the

Computation Processor. The SlA achieves about a 50% reduction in memory

references over conventional machines running optimized code.

11.9 Mhliuz Mult inrocessors with Priva Cache memorie

In the context of a multiuser multiprcaoessor system with private cache,

we have considered the write-through versus the write-back policy of main

memory update. The advantage of the write-back policy is that the bus traffic

- is reduced in comparison to the write-through policy. It is usually assumed

that the coherence problems of write-back require hardware such as global

directories to detect potential coherence problems. For this reason, a

write-through cache is usually used which provides coherence for all

transactions. We have, however, suggested ways to avoid these coherence

problems in user code and have examined the potential savings, in terms of bus

traffic, by using a write-back rather than a write-through cache. Using a

detailed Instruction level simulation, we found that in the typical case the

write-back policy, e4ampered to write-through, will allow more than twice the

number of processors on the bus at a given traffic level.

0 This work was supported by VSIIC (U.S. Naval 2.,itronics System Command)

under contract N00039-80-C-0556.
ec This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424 and by VSHIC
(U.S. Naval Electronics System Command) under contract N00039-80-C-0556.
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11.10 Design Verification 19ohaues5

A top-down hierarchical design automation facility is being developed

which includes design verification capability. A graphics input package has

been interfaced to the Livermore SCALD II package, and a mechanism for

Including functional descriptions of modules has been developed for

verification. An automated reasoning program developed by Argonne National

Laboratory is being used to determine equivalence between the functional

Sdescription of a module and the structure-driven combination of the functional

1 descriptions of its subnodslos.

!I

CThis work was supported by VSIIC (U.S. Naval Electronics System Command)
under contract 1N0OS9-SO-C-0SS6.
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12.1 Introductina

Current technology requires the development of efficient computational

techniques and the analysis of the capabilities of various models of

computation. We are concerned with the resources - such as time, equipment.

*- memory, interconnection - that are used or needed in the alsorithmic solution

of given problems. This dynamic discipline, concrete ecuputatiesal

complexity, is important for both hardware and software applications. am& it

also contributes to our basic understanding of computing. It is oaly natural

that the great technological innovations represented by Very-Lsre-geale-

Integrated (VLSI) Circuitry have had a substantial Impact on this field,

opening new horizons and posing challenging problems. Much of our current

research (organized below in five subsections) has been motivated by this

revolution.
L

j 12.2 Parallel Commaion I &LI

* Parallel computat .on provides a fundamental answer to the need to

-'. increase computer processing power, and VLSI is the natural habitat for

parallel computation. We have pursued our investigations of efficient VLSI

" architectures, suitable for a variety of problems (broad-purpose

o This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424, and by the
National Science Foundation under grants ECS 81-05552, ECS 81-06939, MCS 80-
08845, IST 80-12240, and IST 80-12242.
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architectures). Te have studied in detail an area-tim optimal multiplier for

very large integers, which has a highly regular 1Lyout in the form of a square

mesh. In addition, we have begun the exploration of a novel approach to the

sorting problem, to be implemented in a significant variant of the cube-

connected-cycles, and that offers an area-time performance superior to

previously known schemes.

12.3 Layout aory ad Desiu Aids

A theory of layout of VLSI circuits is a current technological need,

since most placement and routing tasks are presently carried out using

empirical techniques. We have studied the channel routing problem in same

detail. We have. determined an algorithm for two-layer routing which bounds

both the area and the delay; in particular, the channel width and the maximum

wire length are, in some sense, both optimized. We also developed a simple

yet effective technique for calculating a lower bound on the number of tracks

required to solve a given two-layer channel routing problem. Moreover, we

have shown that optimal wiring (i.e., density) is always possible if just

three conducting layers are available; we are currently trying to extend this

theory to more complex and general channel routing problems.

In addition, we have investigated design problems that profitably use the

techniques of computational geometry, in particular of the so-called "geometry

of rectangles". In this area. we have developed a search technique for a

collection of n parallel segments (as occur in VLSI mask technology), which

runs in time 0(log n) with an expected storage 0(n). We have also developed a

general algorithm for the computation of a rectilinear mask expressed as an

4 arbitrary Boolean function of a set of rectilinear masks (papers in

preparation).

* . 12.4 DLU lt~acurosa

Continuing the study of dynamic embeddings between data structures, we

devised an optimal on-line simulation of a tree by a d-dimensional array in

time 0((NC(l+lI/d))/(Iog N)). Within constant maltiplicative factors, no

faster simulation is possible. The simulation is cast .. terms of multihead

Turing machines. An information-theoretic argument gives the worst-case lower

bound on the time required.
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We have also been continuing our investigation into efficient storage and

accossing of data for information-retrieval. We have obtained information-

theoretic lower bounds (and shown that some of these bounds are - achievable)

'* for storage of same simple data structures and the access costs for

- corresponding operations.

12.5 FundaLions of Cmleity Thoz

We have been studying the properties of "context-free graphs", graphs in

, ,which most of the important graph theoretic properties are decidable. Major

results were obtained relating such graphs to pushdown automata (papers in

preparation).

"" Also, we have been studying how alternating automata can be used with

languages of infinite strings and trees. This subject is closely related to

the study of infinite games. The use of such automata yields a new and much

simpler proof of Rabin's theorem concerning the decidability of second-order

theories.

* 12.6 mage i Algoithms I" Arkittlaralm
a!

We have studied interleaved pyramid architectures and multiprocessor

pyramids for bottom-up image analysis. Current research focuses on achievable

throughput in a hierarchical interconnection of processors that compute non-

oblivious algorithms. The running times of the algorithms are modeled

probabilistically.

L
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13.1 Natur aua aLIMUndertandinug

This project is concerned with judging the plausibility of natural I
language sentence meanings, with representing meaning and contezt, and with

novel processing mechanisms for natural language understanding. /1

Progress was made on the understanding and representation of language

describing event descriptions, spatial relationships, time, and causality.

"Event shape diagrams," a new representation form for dealing with sequences

and concurreancy of events, were introduced [13.23.13.241. We are using these

and other schemas to capture and represent the intricacies of fluid flow.

causality, mechanical relationships, and other properties. To accomplish

this, it is important to use hierarchically layered models, representing the

same event or mechanism at different levels of abstraction. In addition,

0 This work was supported in part by the Office of Naval Research under

contract N00014-75-C-0612 and in art by the Air Force Office of Scientific
.esearch uder contract F4%20-82-K-0009.
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there mast be separation of couplex models at a gives level into simpler

5 partial models. Mechanism* for representing and reasoning about such systems

are being developed as an extension to event shape diagrams.

Event shape diagrems were used to show same mechanisms f or deriving the

correct meanings and inferences in metaphorical sentences, such as "vJohn ate

up the compliments." or "John's legs ate up the space between himself and

Mary." [13.121 We have investigated a feature transfer model for

understanding metaphorical language. This model match** the two items being

compared in a metaphor, and transfers material from the "vehiclem of the

metaphor to the target domain, based on saliency assessments of various

features.

Te have also been working on a parallel, analog model -for knowledge

integration and decision-making in the context of natural language processing.

The model involves dyamically constructing an unstable weighted network of

possibilities, while concurrently sifting and stabilizing the network such
that the best interpretation is highlighted. The model has been successfully

applied to a natural language processing task E13.211.

13.2 Izlulnto iahaM jggaxgsitin

LThe shem learning project is exploring artificial intelligence

techniques that will enable a computer system to learn general world knowledgewin the f or= of "schemas" through its interactions with a& GeZternal
environment. A schema specifies how a particular real world situation is
likely toprogress and why. To act inteligenty inv ifrntstain

a system requires a vast amber of sehemas. The problem of "programmsing in"
large numbers of schemas has greatly limited the intelligent behavior of past
Al systems.

A computer system ought to be able to automatically acquire these schemas

directly from its experiences amuch as people do. 7&e world knowledge already

F possessed by the system is used to generalize individual experiences into
achemas. We have devised a taxonoiny of the kinds of learning that take- place,

the conditions in which they can occur, the effects each has on the system' s

7kTis work was supported in part by the National Science Foundation under
V contract NW IST 81-20254.
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schema memory, and some of the mechanisms by which they can occur. The kinds

of learning are: (1) schema composition, (2) secondary effect elevation, (3)

schema alteration, and (4) volitioualization.

A computer system to implement and test these ideas is near completion

[13.12,13.17,13.18].

13.3 Cogn~itv Dznizsus1al

In order to write natural language understanding programs, it is
essential to have good target forms for representing meaning. In this

project, we have combined the linguistics and artificial intelligence

approaches, in the hope that we can write programs that are better models for

human cognitive processing, as well as better computer programs (that is. ones

that are more easily eztensible and less likely to require radical revision).

One part of this work has focused on roles and role relationships between

the real world elements represented by the noun phrases of a given sentence,

and the states or events reflected by the verb. We are looking at role-

- related syntactic, semantic, and cognitive phenomena in several lmnguages. A

questionnaire was prepared, and administered to speakers of Spanish, Basque,

and Mandarin. The results of the questionnaire should allow us to assess the

variety of mechanisms and case role distinctions in a number of lauguages so

that we can better build proper cognitive distinctions in our computer

programs.

We have also been concerned with understanding the reasons why natural

languages differ so markedly in their encoding strategies for space-time

meaning. We have studied this phenomenon in English, Jinghpaw and Durmese of

Sino-Tibetan family of languages, Blackfoot. Cree. Delaware and Ojibwa of the

Algonkian family, and Tarascan.

Finally, we are investigating the use of mhine-readable dictionaries

and thesaurus for building the lexicon for a natural language system.

1P

" This work is supported by the National Science Foundation under contract
NSF IST 81-17238.
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13.4 iuarsiua Contzol I" Moanitoring yik Caagtual Lozalse

This work deals with the use of knowledge-base architecture and planning

control mechanisms to perform an intelligent monitoring task in a complexF.

domain.

The domain for our expert planner is the aircraft flight domain. The

flight domain knowledge is presently organized into four conceptual levels:

the route level, the trajectory level, the fliSht-control level, and the

aircraft subsystem level. The levels constitute a form/function hierarchy

which facilitates problem-solving and monitoring. As an example of the

form/function relationship, an aircraft route is implemented by a trajectory,

which is in turn implemented by a sequence of flight control settings.

-- .The causal framework determines the conceptual levels and the planner at

each level only has to consider the variables within the causal framework.

The levels architecture allows us to focus attention and also provides the

U:' ability to do recovery planning based on a change in the context at any level.

This property is unique and desirable in real-world problem-solving.

The work accomplished thus far consists of the design of a semantically

oriented planning architecture and an initial design of the inter-level

V planning-coutrol mechanism. This mechanism performs neta-planuning in the

levels context. Problems and issues currently under investigation include (1)

focus of attention, (2) vertical problem decomposition, (5) planning control,

(4) inter-level teleological consistency, (5) domain knowledge representation,

and (6) partial planning.

1S. * ukhain NgitL1aL ~Ad Automatic fljg5oj**

Present day diagnosis systems use either table-look-up procedures or

production rules for storing the information needed. Neither approach deals

with the fact that for a diagnosis system to perform Intelligently, it needs

to understand the basic principles which are embodied in the design and

structure of the mechanism. Because of this weakness neither approach cam

C This work is supported by the National Aeronautics sad Space Administra-
tion under contract NASA NCCI-S2.
*e This work is supported in part by the National Aeronautic and Space Ad-

ministration under contract NASA NCCI-52. by the Departmst of
Transportation/Federal Aviation Administration under contract PA7MA-4360. and
in part by the United States Air Force under contract F4U20-82-K-OOO .
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hadle multiple faults effectively.

The purpose of this work is two-fold. First, e will develop models of

uderstandiag of moehanisms, about their operating principles, structure-

function relationship and hierarchical interaction. Secondly. we shall

explo6it these mechanism models for intelligently diagnosing multiple faults.

As a typical ease study we have developed some initial understanding

models for a generic refrigeration system In terms of such concepts as heat-

transfer sad circulation. With the help of these concepts models we can

analyze say schematic of a refrigerator and identify the relevant components

which are pertinent to an operation, such as circulation. We can then easily

coastruct the circulation subsystem as an abstraction.

As another typical case study we have established a systematic process

for comprehending the working of sn amplifier. The essential steps are (1)

physical instantiation. (2) semantic template verifioatiou, aud () constraint

propagation. With these steps one could analyze novel now structures that

fall in the same general category and achieve sa understanding of the

fum-tion/structure relationship at all levels, including the component level,

the sub-structure level sad the mechanism level.

Finally. is the direction of diagnosis ame additional modeling is

needed. We develbped flow-concept models for initiation isolation, fuactional

models for detailed analysis sad constraint models for verification. These

models seem to be necessary for a theory of diagnosis based on mechsaism

models.

13.6 AU Tuafic Control, Znhblmfhio9is. aM gLj#gg °

The purpose of air traffic control is two-fold. First, we suet resolve

all potential traffic conflicts. Secondly° we must deliver all aircraft

safely to their destinations, in a fuel-efficient manner, with as little delay :1
as possible.

In the Jargon of Al we are trying to do problem-solvisg with conflicting

goals. Since there is ao existing theory of ATC we have the problem of

generating the theory as well as carrying out its computerization. We have

decided it would be a good ides to include some leanring capabilities in the

0 This work is supported by the Department of Transportatioa/Vederal Avis-
ties Admisistration mdor contract VA79WA-4360.
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expert system we are building. The learning we are attempting is sailed
"advice-initiated learning. Using this type of learning, the system first

attempts a solution. The solution is reviewed by an adviser who presumably is

an expert in ATC. The adviser either approves the solution or gives advice in

the form of a new strategy. The computer then has the task of digesting the

advice; in particular, it must figure out why the suggestion is indeed better

than its own solution.

13.7 ea~tuilu Jisions

Hierarchical organizations of small, general purpose processing elements

to perform fast bottomt-up image analysis were proposed. Three different

architectures were given: Pyramids, interleaved pyramids and pyramid trees.

'>" Different architectures exhibit different performances with respect to

hardware requirements and operating speed (13.16].

Approaches to dot pattern proessing using Voronoi neighborhoods were

proposed [13.10]. Segmentations of dot patterns containing homogeneously

dense segmeats were obtained. Experiments on matching dot patterns in the

presence of noise were performed.

The problem of generating the three-dimensional occupancy map of a scens

from stereo image-pairs was investigated. A three step procedure consisting

of obtaining depth map, surface mp and a volumetrio representation was given

(13.1SJ. Algorithms were developed to update the octree representation of a

three-dimensional object as the object undergoes translation and rotation

[13.27].

13.8 Im ,emsna, Pr sia Soo Analysis**

The processing of imaes involving notion has become increasingly

important. Applications include target tracking, dynamic robot vision, image

bandwidth compression, and medical imaging. Image sequence processing

involves a large mount of data. However, because of the rapid progress in

C This work is supported by the National Science Foundation under grant NSF

WCS-81-06008.

C This work is supported in part by the National Science Foundation under
grnt NoF EC 1-12082. and in part by the Joint Services Electronics Program
(U.S. Anm, U.S. Navy, and U.S. Air Force) under Contract N00014-79-C-0424.
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computer. LI, and VLSI technologies, many useful processing tasks for image

sequences can now be performed in a reasonable mount of time. A central

issue in dynamic scene analysis is the determination of three-dimensional

notion and structure from image sequences.

Uniqueness conditions for estimating 3-D notion parameters from two

frames were obtained [13.221. Progress was made in determining models for 3-D

notion estimation problems [13.251. Te also developed efficient algorithms

for finding corners in 2-D pictures [13.201. Applications to stereo pair

matching and notion estimation were presented [113.191. Some techniques for

image recognition by matching relational structures were developed in [113.201.

A simple procedure was developed [13.111 to generate the minimum depth surface

description of a three-dimensional scene that is consistent with a series of

images from a laterally translating camera.

14-
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14. IWORiATION RERIEVAL

L. V. Lann m C. 0. Robins .L. C. Smith

S. E. Preece M. E. Williams

J. Mendoza C. Tenopir S.-C. Tang

14.1 I

During the 1981-1982 tine period, ve conducted in information retrieval a

number of research and development projects and participated in the University

of Illinois' online search service. Major activities included analysis of

* database data; a test of the feasibility of automatically determining the
overlap between bibliographic databases; development of a computer-readable

databases directory; and participation in the University of Illinois' online

search service.

~ 14.2 hAkNALUa gL Daaa 2LtA

Our staff maintalns a body of Information about comercially available
databases ealled the Database of Databases. We have continued to study

various statistics ehareteristics of this population based on the material

in our database. Sue statistics and analyses are useful both to researchers
is the area and to the users snd producers of databases.

The partleular information developed in the studies performed in the lost

year eoasidered the age, size, type (scientific, medical, etc.)# &nd source

S. (gevemet, private# eto.) of the databases covered. At present, 773
databases ore severed by our Database of Databases, but any given study might

include only a specified subset of those depending on the needs of the study.

The most receat analyses are for the years 1980 and 1981.

- C This work was supported by the University of Illinois
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The software used in this research consisted of a program framework

containing slots into which logic could be inserted to perform specific data

selection, cleanup. and analysis. The data was first extracted from the

database by our data access program. USER, and written into a file of (tag.

value) pairs. The analysis programs read that.file and selected the tags of

interest. An effort was made to overlap multiple analyses by re-using data

selected and cleaned for prior us*.

Cross tabulations were made based on defined groupings or actual values.

depending on the data Involved. Thus. cros tabulations were done involving

both raw year of origin versus grouped size and grouped year of origin versus

grouped size. Statistical summaries included means, ranges, and standard

deviations of raw data and correlation coefficients between raw data and

grouped data. Detection of bad data included i6antification of records

containing illegal or missing values.

The work involved in this project also developed a framework for further

studies of the databases available to researchers today. We are currently

updating the database and improving the coverage and consistency of data

fields that are likely to be important in future studies.

14.3 Federal Emrgncy Managemnt Ag.ncy Datab s salrmaitiZa hsusesmnt
Md ReoreDietZ odel*

We identified and analyzed word-oriented (bibliographic, textual,

directory, etc.) databases relevant to various units within the Federal

Emergency Management Agency (FMki).

The use of computer databases instead of manual searching saves time, an

important factor in emergency situations. Computer databases usually provide

more timely information and allow one-step searching of complex topics

tailored to meat individual needs. A directory indicating which databases

contain information of interest to FINA would be a valuable resource for all

NINA units. This project developed a methodology for compiling such a

directory and also provided a model as a sample directory.

Databases of potential relevance to FIkA were identified and. after

e This work was supported by the Federal Emergency Management Agency under
great INW-1-4058.
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discussion with PEA personnel, the fifteen judged to be most relevant to the

most FENA areas of interest were selected. Subject profiles that reflect the

interests of all individual FIA units were developed in conjunction with

appropriate FEMA personnel. Profiles were used to test the fifteen databases

online. The databases were ranked by subject coverage, amount of information,

and type of information based on the online search results. Te created a

sample FEJA Database Directory based on the analysis of the fifteen databases

and including samples of citations from each database.

Directory of Conmuter-Reads Bibliographic Databasese

The Com -Igrdble iblhogakh Databases - A irectory &d lAta

"ourzebo.k, compiled and edited by Professor Martha E. Williams and Sandra

Rouse, was published in 1976 by Knowledge Industry Publications, Inc. Updates

to the Directory were issued in April, 1977 and April, 1978. A second

edition, including data that was relevant as of December, 1978, was published

in Autumn, 1979. A new edition appeared early in 1982, based on the most

recent updating of the underlying database. The current edition covers 773

databases.

1. Database processors in Europe and North America were contacted by mail

for Information on the databases they provided access to.

- 2. The questionnaire designed for the last directory was revised to achieve

a more consistent format. A turnaround questionnaire was computer-

generated, containing the information in our files for the databases

covered by the last directory. Existing data entries needed only to be

verified or changed and missing information supplied by the database

producer.

3. The questionnaires were mailed to the database producers and U. S. and

Canadian producers were subsequently contacted by telephone for

verification of the data and assistance with questions they might have.

$ This work was partially supported by Knowledge Industry Publications.
Inc.
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4. Iafermatimo em the availability of new databases was obtained from the

published literature and contacts with database processors/producers.

The produ.ers of new databases were interviewed first by phone. The

neepleted questionnaire was then nailed to them for verification and, if

naoessazy, followed up by telephone.

$. eturned quostioamaires were checked and data entries standardized.

a& ALUM

1. Data was entered online into the Database of Databases file using a

pretornatting program on an Alpha Microsystems microcomputer. Entries

were then printed out, verified, and corrected and edited online as

necessary using the DBEDIT program.

The Directory is organized alphabetically by database name and includes

an introduction and four indexes: Subject Index, Database Name/Acronym/-

Synonym Index, Producer Index and Processor Index.

Information on each database follows the general format:

1. Basic Information

2. Producer/Distributor/Gonerator Information

3. Availability and Charges for Database Tapes

4. Subject Matter and Scope of Data on Tape

S. Subject Analysis/Indezing Data

6. Data Elements Present on Tape
"° *1

7. Database Services Offered

S. User Aids Available

:ii
°,,1

A L .r -l.. - --
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UThe Directory was formatted for printing using our software and printing

masters produced on a Xerox 9700 printer. All indexes were then generated

automatically from the database and typeset similarly.

14.4 Universiy L Illinois Online Search Service

The Online Search Service is a service provided for students, faculty.

and staff of the University by the Library and our group. Information

retrieval services are provided by accessing computer-readable databases from

the following search systems: Bibliographic Retrieval Services, DIALOG

Information Systems, New York Times Information Bank, System Development

Corporation, and the National Library of Medicine.

In addition to serving as one of the locations where searches are

conducted, we contribute to the Service by providing monthly financial and

usage reports to the Library administration and by providing expert advice in

the use of information retrieval services. The financial and usage reports

are generated by Internally produced software on an Alpha Microsystems

microcomputer and are based on accounting data provided by the online vendors

and the Library.

14.5 Daa b asxAnye

We are conducting ongoing analyses of the MARC database. This work

involves processing the annual files distributed by the Library of Congress

and generating a detailed statistical analysis of the rate of occurrence and
.. size distribution of each field of the records. The resulting tables, which

have appeared in the Journal of Library Automation, show for each field (1)

the percentage of records in which it appears, (2) the rate of occurrence

within records where it appears, and (3) the length of the field in

characters. For (2) and (3) we report average, minimum and maximum values and

standard deviations. I
;, The distribution of records in Dewey and Library of Congress classes is

also report., along with average record lengths for each class. Summary

V * This work is supported by the Council on Library Resources.

. * . . . . :
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statistics are also listed separately. Finally, we report the changes between

reporting periods (showing. for instance, which fields are used more now than

at the last report).

We have also begun a second project using the same computer programs to

analyze the CONSER database for the Council on Library Resources.

This data allows users of the databases to optimize their applications

for the actuat characteristics of the databases.

14.6 Am1.em.±k Detectin gfi Database Qngglgjs

This research program addresses the problem of overlap coverage of

Journal articles among multiple databases. Overlap leads to duplicative

processing of material by database producers; duplicative processing and

storage of material by online and batch vendors of database services; and

retrieval of duplicative material by users of databases. The net result is

reflected in costs associated with the databases and an unnecessary

expenditure of tim on the part of users.

The true extent of the problem is unknown. Several studies 'have

addressed the question of journal coverage overlaps, some have addressed the

question of article overlaps in narrow subject areas, and one has attacked the

problem. of Identifying maximum possible overlaps among specific databases.

None has studied the problem of determining the actual overlaps among database

services.

We are developing a methodology for automatically determining overlap

ameng databases and testing and implementing this methodology on nine

databases: ASIUCLA, BIOSIS Previews, CACon, Commonwealth Agricultural Bureaux

(CAB), Engineering Index, Excerpts Modica, Inspec, Medline, and Science

Citation Index (SCI). The methodology involves analysis of the databases to

determine the data elements present in and common to multiple databases to

determine effective keys for matching records in multiple files. The matching

process will be done in at least two passes. The first pass, or broad screen,

will use a match key with high discrimination power to identify candidate

duplicate records. A set of finer screens will be used for verifying pairs of

0 This work is supported by the National Science Foundation under grant NSF
IST 79-21018.
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records as duplicates. The second pass may employ Harrison keys (which are

bit string representations of titles) and Hammins distance techniques (for

overcoming slight variations in representation of titles) together with

matchos on other elements as needed.

Results will be tested: (1) by using manual verification of a

statistically representative sample in order to determine mismatches, and (2)

by using a known set of duplicate records to see if they are identified by the

screens. Tho evaluation in terms of mismatches (wrons matches) and missed

matches will provide a measure of the effectiveness of the techniques.

Further evaluation in terms of gross costs will be carried out in order to

-* determine the efficiency of the techniques.

The study will produce overlap statistics among nine databases, data

i! element frequency statistics, and a methodology for duplicate detection that

might be used by database producers or database vendors. The resultant

methodology could be used as a preprocessing step to reduce storage and

processing costs or as a post-retrieval stop to eliminate the duplicative

output delivered to users.

During the second year of the project, tapes have continued to arrive

from the database producers, covering the 1978-1979 period. Sample subsets

have been read and preliminary planning for the file structures and processing

flow has been done. The contents of the samples have been studied

statistically to identify data elements useful in the matching process and to

allow estimation of storage requirements. The software has been ported from

the DEC System/10 to the DEC VAX 11/780 and further samples have boon read and

evaluated preparatory to performing large-scale conversions.

q''
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15. COIUMIJNCATIONS

T. Baser R. 3. Haelleoe D. V. Sarwate

T. U. Bear I. V. Poor . Szilldry

B. hejek N. B. Parsley S. Tantaratas8

graduate Students

B. Aezhaeg 3. S. Lekaert N. S. Schmidt

A. C. Blumer . Kartersteck C. N. Stadler

C.-I Cang N. Nayeri V. R. Stark

P. Base 1. 0. Osier K. S. Vastola

F. D. Garber T. 3. Pavlik S. Verdt

E. A. Geranlotis 0. Sasaki K. S. Wallace

S. N. Krone . . wolf

15.1 hltI T&-j@rmaal Digital Comaniatiomse

This is a major ressaroh area which Includes various problems in spread-

spectrum communications and random-acess conmunications networks. The topics

that were investigated during the past year include the performance of

spread-spectrum multiple-access communications systems, the effects of fading

on spread-spoetrum comunications, communications in the presence of jamming,

error-control coding for multiple-acoess systems. conflict resolution in

random-access commumications systems, packet radio communications systems. and

routing algorithms for communications networks. Progress in this research is

described in the subsections that follow.

, This researoh was supported by the Army Research Office under contract
DAAZ09-81-K-0064, by the Jolt Services Electronics Program (U.S. Army, U.S.
Navy, and U.S. Air Force) under contract N00014-79-C-0424, by the Naval
Research Laboratory uder contract N00014-80-C-0802, and by the Defense Ad-
vansed Research Projeets Agenoy under contract RDA 903-82-C-0026.
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15.1.1 hread-Scootsum altial- oeoss Comunications systems

To have completed the development of bounds and approximations for the

average probability of error in direct-aequeaeo (DS) spread-spectrum

mltiple-access (SSMA) communications systems, and the results have- been

published in the IEEE Transactions on Communications special issue on spread-

speotrum communications. The bounds, which are presented in [15.30] are best

suited for SSKA systems with few simultaneously-active tranmitters. Since

* both upper and lower bounds are derived, approzimations can lsoe be eAtained

from these results. For SSM systems with a large nmber of simultaneous

* transmissions, the bounds are difficult to evaluate, but the approximation

developed it 115.9] con be applied. This approximation is based on the

integration of the characteristic function of the multiple-access

interference, and its computational requirements increase only linearly in K,

the number of simultaneous transmissions. The methods developed in these two

papers have proved to be extremely useful in the study of DS/SSM& and hybrid

SSMA systems.

An investigation of the effects of partial oorrelation on the performance

of DS/SSMA systems was also completed during the reporting period. Some of

v the results of this study are presented in [15.58]. Our investigation has

primarily focused on systems for which the nmber of chips per bit, N. and the

period of the signature sequences, p, are relatively prime numbers (this is

usually the case in practical systems if p ) N). In this case we find that

the resulting loss of control of the sequence phases leads to an increase in

the multiple-access interference over that present in a DS/SSNA system which

has one data bit per period (i.e., p - N) and employs the signature sequencesL,

in their optimal phases.

We have considered the design of quadriphase sequences with good

correlation properties. We are able to construct a set of N + I sequences of

period N (where N is a multiple of 4 and N + 1 is a prime power), for which

the correlation parameter 0nez is upper bounded by 3(N+W) 1  We can also

enlarge this set to have 2(N+l) sequences with an upper bound on 0sax of
3(14+) - 1 / 2  + S. Experimental results show that the bound is actually quite 2

di weak.

An investigation of the performance improvements achievable by use of

error-control coding has also been initiated, and preliminary results are

*1
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presented in several recent papers (e.g., C11.56,1S.59.15.61]). The general

conclusions are that error-control coding Is extremely beneficial in nearly

all communication environments, and it is absolutely'necessary for acceptable

bit error rates in frequency-hopped spread-spectrum communications in the

presence of Jamming, fading. or multiple-aocess interference. Coding gains of

20 to 30 dB are common in such systems.

15.1.2 Iureal-fivEuu CmmunicatLon o Packet RadL o Neozks

Because of the severe speoular-multipath fading that arises in urban

areas, we have investigated the effects of such fading on the performance of

dirot-sequenoo spread-spectrum communications. Results for both coherent

[15.461 and noncoherent [15.471 receivers have been published. Although these

results are for receivers which utilize standard matched filters, work is also

in progress to evaluate the performance of direct-sequence spread-spectrum

communications via specular multipath channels when post-detection integration

or RAKE-typo filters are employed in the receiver. Of particular interest Is

the performance of receivers with post-detection filtering when employed on

channels with Jamming and multiple-access Interference.

In addition to the research on direct-sequence spread spectrm, we are

also pursuing a parallel investigation of frequency-hopped spread spectrum for

packet radio networks. It appears that for channels with partial-band Jamming

or multiple-access interference, frequency-hopped modulation in conjunction

with error-control coding provides a very robust system. It seen at this

point that the tradeoff is between the anti-mltipath capability of direct-

sequence spread spectrm and the anti-Jam and multiple-access capabilities of

coded, frequenoy-hopped spread spectrum. Of course, error-oontrol coding is

also useful in a direct-sequence system, but for many types of interference

(e.g., multiple-access interference) the amount of interleaving required in

dirot-sequence systems nay be prohibitive. Furthermore, coding cannot take

care of the problem of unequal power levels (i.e., the so-called 'near-far

problem") in a packet radio network.

* 15.1.3 Codin, MduJato, jMoini LM annoe.tL rks

This research area includes several related topics that arise in

o.
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Comuication networks which meat operate is the presence of jamiig. fading,

and mltiple-access interference. The topics Include froquesay-hoppd
spread-spectrum comunication via fading ehanels, comunication In a hostile

Jamming environment, and routing Is *inmsicastioas networks. Progress in

research on these topics Is smmarized in the three paragraphs that follow.

Our work on slow-f requeacy-hoppod spread-spectrum cinuenicatioas systems

is concerned with the probability of error for such systems when operating ia

the presence of fadin, --- ip-r----- inefrne jammg an ohe

radio-frquency interference (MP). Various types of fading have been

0.0- considered including selective and nonselective Rayleigh and Ricias fading.
We have also investigated the performance of error-control coding

(particularly burst-error-correct ing coding) for frequency-hopping spread-
spectrum systems.* One of the most promising coding schemes that we have
investigated utilizes Reed-Solomon codes with partial interleaving for slow-

t~1 . frequency-hopping (more than one code symbol per hap) or Reed-Solomon codes
and diversity for fast-freqpsency-koppiag (one code symbol per hop). Results'

are published In several receant papers including [15.9,15.41,15.44.

In related work, we have derived the optimum receiver for a fast-
frequency-hopping scheme proposed for mobile radio applications, sad obtained

bounds on tko. error probability for a suboptimum receiver which is easier *to

Implement than the optimum receiver. These bounds have been compared with

simulation results on error probability for the originally-proposed suboptimum

receiver. It is found that the new receiver structure is superior to the

original one.

In the area of communicatien in the presence of Jaming, our research has
U focused on information -theoretic fundamentals. We formulated a two-person,

zero sum gam with mutual information as the payoff function. The players in

this game are the Jammer aind the coder. By solving the game, one, first finds
saddlepoint strategies which indicate the general kind of jamming/anti-jamniag

strategies the resl players ought to use Is practice. The work has continued

and several saddlepoints have been calculated. Also, the performance of

several explicit coding schemes have been evaluated in the presence of optimal
Jasmers. In a related area we undertook a serious study of the relative

H merits of interleaved vs. un-interleaved coding schemes in the presence of
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general Interference phenomena. including Jamming, fading and other 1.

A main result of out research In eemimmtstiou network analysis during

this period has been to obtain bounds om the delay incurred in a buffered

station with an arbitrary packet arrival proess. This bound applies to
U stations within, a network under dynamic, &e&-feedback routing strategies. A

rather sharp bound was also obtained for the delay incurred in a station when
the traffic Is obtained from, a generalized round robin fainout of a Poisson

traffic stream.

Recently we have also obtained a new eharasterization of optimal dynamic

routing strategies for interacting queues with state feedback Information. In
the coming year we expect to cmplete a unified performance analysis of

optimal and efficient suboptimal dynamic routing strategies for packet
comunication networks both with and without state feedback Information.

15.1.4 Xj~f Access Todmiua frz nmuns..atL* Networks

This research Is primarily concerned with basic random access techniques

which are appropriate for mobile packet radio networks with frequency hopping.

Two key features of such networks which impact random scces protocols are

first that channel feedback Is severely limited and scond& that frequency

modulation in itself yields a multiple access capability which should be

exploited. To have introduced new dynamic retransmission control schemes and

have shown their suitability in a frequency hopping environent. This work

Included Identifying possible feedback information and determninga how it

could be used to achieve stable throughput in spite of a fluctuating demand.

Other suitable random access strategies which require only acknowledgement

feedback have also been studied.

More realistic models of stations which include time-varying packet

generation rates have been considered In conjunction with random access

schemes. So far exact analysis of ThEA and perfect scheduling protocols have

been achieved using; matrix Iteration methods.

Certain aspects of mobile network organization have also been considered.

We have discovered how differential transmission radii In different frequency

bands can be exploited to increase network throughput and decrease multiaccess

Interference. We have proposed ad analyzed methods whereby traffic can be
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efficiently distributed among available time or frequency slots in a

£decentralized way to achieve balanced loads with reduced traffic variance.

Finally, centralized &ad decentralized algorithms have been obtained for

V. open-loop optimal dynamic routing in communication networks modeled by pure

flow equations. The algorithms appear to be feasible to implement in much

larger networks tha previously known optimal dynamic routing algorithms.

1s.2 usuaL blm s ILtUatiJuA Md ilterin

The overall purpose of this research effort is to develop effective

statistical signal processing procedures for applications in communications
and senatrel. Specific areas currently under investigation include the

development of robust detection, estimation and filtering procedures for

*operation in umeertais statistical onvironments, the study of techniques for

effioient digitization of signal detection systems, and the analysis of

multistage decision processes. Progress in these areas is described briefly

in the following subsections.

5 IS~~1.2.1 ~A&j, XSMIs Processin ft Uncertin Stat.LstilL hlama

In general, the area of robustness deals with the design of systems and

procedures which are relatively insensitive (in terms of performance) to small

devistiess frem as assumed model. Robust techniques are of interest in a wide

variety of applications including radar, sonar, and seismology. inasmuch as

inaccurate models are the norn for such situations; end robustness has been

K studied widely in the contexts of communications, control, and inferential

statistics. The basic assumption for the analytical study of robustness in

detection and filtering is that the statistics of signals and/or noise are not

known exactly, but rather are known to be within some (usually nonparamstric)

classes representing uncertainty in the underlying model. The primary

technique for designing a robust system is to seek a system achieving the best

worst-case performance over the relevant uncertainty classes; i.e., the

primary design philosophy is minimax. Within this context several detection,

0 This research was supported by the Army Research Office under contract

DAA029-81-9-0062, the Joint Services Electronics Progrm (U.S. Army, U.S.
Navy, and U.S. Air Force) under contract N00014-79-C-0424, the Office of Naval
Research under contract N00014-81-K-0014, and the National Science Foundation
under grant ICS-79-16453.
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estimation and filtering problems have been considered under this project, and

those are described in the following paragraphs.

One area in which several minima: and robustness results have been

obtained is that of state estimation and control for linear dynamical systems

with uncertain statistical behavior. In particular, minimax results have been

developed for steady-state linear estimation (15.291 and control (15.20,15.53,

15.541 of time-invariant systems and for fisite-interval estimation and

regulations [15.63,15.671 of time-varylng systems. Also, an algorithm for the

state estimation of such systems with random jump inputs has bon developed

and Is described in [15.41. Along those same lines the problem of robust

filtering and smoothing of stationary processes with uncertain spectra has

also been considered. Specific results include a characterization of minimax

Smoothers for homogeneous random fields with spectral measures known only to

lie in general uncertainty classes goners id by Choquat capacities [15.241, an

analysis of the effects on performance of spectral uncertainty on stationary

linear filtering [15.*41, and a study of minima filtering for observed

Poisson processes with uncertain rate characteristics [15.44.15.451. Two

related studies Include a characterization of the MK rate-distortion function,

for information sources with uncertain spectra lying in capacity classes [P101

and the development of jam/antijam strategies for data transmission through

the Gaussian test channel with an Intelligent jeamer [15.5.15.871.

Another aspect of robustness in which several results have been obtained

recently is that of robust signal detection. Specific results in this area

include the development of robust detectors for the (nonlinear) detection of

signal in additive dependent noise with uncertain first-order distribution

[15.28], a study of the discrimination of point processes with uncertain rate

functions [15.451, the design of matched filters for digital transmission

through uncertain channels [15.36,15.65,15.671, and the characterization of

robustness in the quadratic receiver design problem [15.64.15.671. Also,

[15.191 considers a design technique known as the segment method as an

alternative to minimax for designing binary decision systems within

uncertainty.
fn addition to the above specific results, a general study of the I

oaraterizastion of solutions to mininaz robust design problems is reported in

[15.64,15.671. The techniques developed here allow the unification and

. . ....4
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generalization of many previously studied robustness analyses as well the

extension to new design problems. Also during this reporting period several

survey papers on robustness topics have boon prepared [15.18,15.51,15.57].

". The topics of these surveys include robust signal processing for conmunication

systems (15.181,. robust filtering [15.511, and the use of distance measures in

* robust detection and discrimination [15.571.

15.2.2 Ditital n ult iage igal Deecion Sfstem

In addition to the robustness work surveyed in the above subsection,

several other aspects of the design and analysis of signal detection systems

have been considered recently. Progress in this area is described briefly in

the following paragraphs.

One area in which recent progress has been made is that of designing

efficient systems for detecting signals in dependent non-Gaussian noise

backgrounds. For example, optimum detection of signals in weakly dependent

noise is considered in (15.271. It is shown here that, for a moving-averago

dependence model, efficient detectio casn be achieved by reshaping the

indepedent-noise optimum detection nonlinearity with &n additive linear

* icorrection term. An investigation of several commonly used noise models

indicates that the resulting performance improvement is most significant for

impulsive types of noise. In [15.17] similar modified structures are

considered for detecting signals in #-mxing noise. It is demonstrated that

the #-mizing model with only the mixing coefficients given is not sufficiently

descriptive of dependence structure to admit a design which is uniformly

better than the independent-noise design. (This is in contrast to the moving-

average model of [15.27].) Rowever, optimum memoryless designs for -mizing

and other dependence models can be derived using general results of [15.251

" provided that the second-order distributions of the noise-process are known.

The optimum system in this case is the solution to a Frodholm operator

equation of the second kind and, as such, can be characterized in terms of the

Barrett-Lampard expansion of the noise process.

A second area of recent interest is that of analyzing the efficiencies of

multistage detection procedures. Two basic types of procedures have been

studied in this context. In [15.661, a useful class of multistage binary

bypothesis tests is proposed and analyzed. These tests operate by testing an

. - . . . . . .. . . . . . . . . . - . . . . . . . . . .
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initial sample and then taking additional samples if the first sample

indicates rejection of a particular one of the hypotheses. It is soon that

significant efficiency can be gained (over fixed-sample-size procedures) by

doing this if one of the hypotheses is rare (as in the case, for example, in

search radar). A noaparmetric version of this procedure is discussed in

[15.331. In (15.321, the (Pitman) efficiencies of truncated Wald sequential

tests are analyzed. These tests, although known for some time, have not been

analyzed previously in this manner. This analysis clearly indicates the

favorability of truncation in such situations, particularly when very mall

error probabilities are desired.
Finally. some related work includes a namerical study of the convergence

behavior of the relative efficiencies of some commonly used detection systems

(15.231, and a correct derivation of the output signal-to-noise ratio for

quadratic receivers and fading channels [15.351 which previously had been

incorrectly derived in the literature.
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16.1 Ziaz auakial lsa Di .In CL rcuit

This work covers two related topics in the area of design verification

for VLSI circuits. One topic is concerned with logic expression extraotion

from the circuit layout or the interconnection description, and the other

topic is concerned with the development of fast and relatively accurate

methods for timing simulation.

In the design verification process of VLSI circuits it is often

desirable, or even necessary, to obtain symbolic Boolean expressions at

specified nodes in the system from the extracted circuit description. The

extracted logic description can then be compared with the original logic

specifications to verify the design. This verification, in fact, should be

carried out before any circuit or timing simulation is performed. Extracted

logic expressions "a also be used to describe parts of the system for mixed-

mode simulation (31 or could be evaluated using ternary algebra for switch-

level [1221 or multiple-delay simulation [31.

In our research work, an approach for generating logic expressions at

This work was supported by the Joint Services Electronics Program (U.S.
! Army, U.S. Navy, U.S. Air Force) under Contract N00014-79-C-0424.

- . -. - . . *
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specified nodes in NOS circuits has been developed. The approach is based on

partitioning the circuit into "one-way" subcircuits and then using path

finding algorithms to generate logic expressions at the subeircuit level.

Composite expressions are then generated by interconnecting the suboircuits.

The approach has boon successfully implemented in a computer program which can

generate logic expressions of extracted or specified circuit descriptions. In

addition, the program is capable of performing switch-level simulation for

given input logic sequence specifications.

In the area of timing simulation a new approach has been developed. The

approach is based on a modified Gauss-Seidel-Newton method for solving the

partitioned circuit equations. When feedback paths exist in the circuit, a

predictor formula is used to estimate the state of the "yet unsolved"

subcircuits. It has been found that the new approach gives more accurate

results than existing Gauss-Seidel methods, such as the one used in XOTIS-C

* [R4], without requiring much additional computation. The approach has been

implemented and tested in a computer program for simulating NOS circuits. The

projrm also includes procedures for analysis sequencing , feedback detection,

and an input/output subcircuit scheduler which schedules only those

subcircuits that affect the output directly or indirectly.

-i In order to further improve the speed of timing simulation, a new

approach to multiple-delay logic simulation is under investigation. Circuit

simulation is used to determine the propagation delay as a function of the

rise and fall times of the input signal and the loading on the circuit for a

given technology. This information is stored in a table. Sealing techniques

can be used to compensate for different sized transistors. Simlation results

from combinatorial circuits indicate a close match between the signal

waveforms obtained from circuit simulation with the program SPICE and those

obtained from a three level multiple-delay logic simulator which uses the A

above table look-up and scaling techniques [16.261.

16.2 Sithed-Cauitr e - St.cnur sad Sisicl flui.a

Research on switched-capacitor (SC) filter design techniques has resulted

ethis work was supported by the National Science Foundation under Grant BNG
78-11758.
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in new SC structures which can be implemented basically in two different ways,

either by using SC first-order building blocks or SC biquads. These

structures are the state-space (SS) [RS-R9,16.21,16.27], the multiple-input

follow-the-leader feedback (MIFLF) [10,R1], and the inverse follow-the-

leader feedback (IFLF) [16.10,16.111. Theory and procedures for the optimum

g implementation of these types of SC filters have been developed.

The sensitivity of the transfer function of the IFLF circuit with respect

to the capacitance ratios is surprisingly low as compared to other Iow-

sensitivity SC structures, such as the bilinear ladder [R11,R32]. As

compared to the MIFLF, the IFLF has lower passive-sensitivity and higher

active-sensitivity. The MIFLF active-sensitivity is also lower than that of

the bilinear ladder [R121.

In the area of statistical circuit analysis and design, several variance

reduction techniques have been studied with respect to their application in

estimating circuit yields. It has been shown that given an approximation of

the region of acceptability with a given accuracy, importance sampling

techniques deteriorate rapidly as the dimensionality of the parameter apace

S increases. However, modest reductions in the variance of the yield estimator

can be obtained with stratified sampling techniques. Also, a practical method

has been proposed for the implementation of the control variate method. This

method may be the most useful in a general purpose statistical circuit

analysis program. Finally, a new approach to Monte Carlo based yield

maximization has been investigated. In a variety of passive, active, and

switched-capacitor filter circuits, it has been shown that a quadratic model

can be used to approximate the responses over a parameter grid several

standard deviations in length. Thus, the circuit yield for different design

values can be estimated using correlated sampling and the quadiatic model.

This method is very efficient if line search techniques are used to find the

maximum yield along a given search direction. Several filter examples show

that the global behavior of the quadratic model is good and that it is very

Peffective for yield maximization [16.24].

e..
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17.*1 Control "I Decilsin Strategis frz Systems under lapacnt ZIfomatiun

Uncertainties arise because of unknown system parameters, unknown signal

environments, and hardware tolerances. Related uouplezities arise in

situations involving multiple system performance criteria and multiple

decision makers. The objective of this project is to gain a basic

understanding of the behavior and control of oomplex systems. During the past

year, attention has been given to several topics. Hihlights are sumnsrized

in the following.

An important issue in the design and analysis of control and estimation

. This work was supported by the Joint Services Electronics Program (U.S.
Army, U.S. Navy, and U.S. Air Force) under contract N00014-79-C-0424.
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systems is the maintenance of system performance in the presence of the

inevitable differences between the design model and the true physical system

(see [17.141 for a review of robustness and sensitivity results for nonlinear

systems). We have addressed this issue using three distinct approaches.

The first approach continues our work on the analysis of feedback

properties using measures of gains of various loop transfer functions. For

linear systems, useful measures of $ain are the singular values of the

v transfer function matrix. One drawback to singular value analysis is that the

singular values must be evaluated at the true plant (as opposed to the nominal

design model) to provide a valid indication of certain feedback properties.rTo circumvent this difficulty, the singular value sensitivity function was

developed in [17.56,17.161 as an analysis tool which complements the singular

-. value analysis.

The second approach to robustness problems in estimation and control uses

a minimax formulation. The basic idea is to model plant uncertainty by

asswimg that the true plant is known only to be an element of a given set.

The estimator or control system desiSn is then chosen to minimize the worst

case performance. Minimax problems of this type wore solved for linear

*• estimation C17.321 and control [17.64,17.29,17.651 problems for stochastic

systems with white noise processes whose spectral densities are uncertain, and

for scalar measurement noncausal linear estimation problems with noise

processes whose second order statistics are uncertain [17.54,17.151.

The final approach to robustness problems assumes that the plant is one

of a finite number of given models. A cost functional is defined for each

model, and the controller structure is fixed. The controller parameters are

chosen to minimize a weighted am of the objective functional*. Although this

procedure is not novel, previous solution algorithms have required that an

initial stabilizing value for the controller parameters be available. In

[17.261, a three level optimization algorithm was developed which eliminates

. this problem.

In the area of fundamental system theory basic to control strategy

development, "strange attractors" have boon investigated. Currently there

seems to be no unanimity about the definitions of the terms "strange

attractors" or of "chaotic behavior" as applied to the solutions of

" -deterministic differential equations. Perhaps this lack of agreement arises
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bo&%** there are important differences in the behavior of solutions which

superficially appear to be similar. We keys done a amber of calculations to

toot this possibclity; ua have omputed solutions of a variety of differential

equations which exhibit oh0aos*, Including (a) the Lonz system J211] (b)

Veda's variant of the forced Duffing equation iR2n, and (a) several differet

examples of an autonomous nonlinear feedback systen, one such being the system

proposed and studied by Sparrow ER3]. Next we intend to study the system

recently invostigatod by Orasag and McLaughlin [R41 we think their examplo

will be particularly useful as they have computed the long-torn correlations

for their solutions.

We have found it useful, in comparing the solutions of those different

systems, to employ the Lorenz mapping [311. that is to plot the next

succeeding local nazimm versus the immediately preceding local nazinun of any

component of the (vector) solution. (One obtains, for the Lorenz system

itself, a sharply cusped inverted Oves0 .) We have found that some of the

solutions exhibit@d the veem and others did not. One would ezpect that

purely random behavior of a solution would yield scatter in the plot, and not

a well dofined curve.

In nonlinear systems, the tracking or synchronization of a nonlinear

feedback system to multiplo quasi-poriodic inputs has been obtained using both

averaging and perturbation ethods. One Is able to compute the tracking

range, at least approximately, in this fashion. These results will be

compared with computer generated numerical solutions. Finally, a now proof

for the existenceo of periodic solutions of the generalized Li6nard equation

has been found.

Major progress also has been made in control of singularly perturbed

systems. A composite slow-fast control is designed in two stages to guarantee

stability and near-optinality of nonlinear deterministic systems. This result

has boon generalized to a class of stochastic control problems.
wI

17.2 Imlemm tation trained R eeuslan A U Co o

In largo-scale systems, control tasks may be decomposed and hierarchical

OThis work was supported by the loint Services Electronics Program (U.S.
Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424.
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levels may be imposed on the basis of analytically derived strategies. This

project is devoted to the fundamental problem of investigating an analytical

framework for inoorporating real istic constraints of a computer network.

LQ sestions concerning information flow, time scales, sad loss of feedback loops

are examined in coordinating the multiple controllers in a network.

A decomposition methodology was developed in [17.28] which allows the

structure and local convergence properties of iterative hierarchical

algorithm to be analyzaed. This methodology was applied in (17.27] to analyze

tdecompositions of weakly coupled systems, and in [17.66] to study the effects

of problem simplification on the convergence properties of hierarchical

algorithms. The results on weakly coupled hierarchical algorithms were used

to analyze the convergence of several solution algorithms for the extended

algebraic Ricatti equation [17.67].

Another area of investigation concerns StaokelberS games and incentive

C design. Staokelberg games constitute an important class of multi-person

multi-criteria decision problems wherein there is a hierarchy in decision

making, some players being in a position to announce their policies ahead of

time and enforce them on the remaining players. When the underlying decision

process is dynamic such game problems become mathematically challenging, since

the standard available techniques and approaches of optimization and optimal

ovattol theory are not directly applicable. This part of the project Is

directed towards developing indirect approaches and a general theory for the

solution of suh decision problems. During this reporting period we have made

important advances in this area, whieh are sumrized in the sequel.

Our first set of results Is concerned with the derivation of bounds on

the performance of the loader (deoisiou maker at the top of the hierarchy) in

deterministic discrete and tine dynamic games with two [17.7] or more [17.8] I
levels of hierarchy; and these bounds have boon shown to be tight in many

instances (17.6,17.7,17.2]. Derivation of such bounds have also been extended.2

to oontinuous-time dynamic games for the case when the leader has access to

sampled state information 17.44].

Our second set of results is concerned with the derivation of policies

* (control laws) for the leader that achieve those bounds. Ia this regard, a

sot of very appealing affino policies has boon obtained, and their existence

.: has boon established for a rather general class of such dynamic games (17.41].

I~,.
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In a more resent work [17.S21, we have investigated the relationship between

such decision problems and incentive design problems that arise in economics,

and have also introduced a now concept, viz. least sensitive (robust)
.., Incentive policies in problems with par-a-etric ucertainties.

Yet another set of results obtained in the scope of this project involves

stochastic Stackelbor games and stochastic incentive design problems. In

[17.5J we have obtained the complete solution of a class of continuous-time

stochastic Stackelborg differential Sames by solving a stochastic control

problem of a nonstandard type. In [17.481 we have studied the derivation of

optimal incentive schemes in two-agent stochastic decision problems with a

hierarchical decision structures, in a general lilbort space setting, with the

underlying information pattern allowing the loader to acquire both common and

private Information. In this set-up, we have shown that, under some fairly

mild conditions, there exists an optimal Incentive policy for the leader,

which is affino in the dynamic information and generally nonlinear in the

static (common and private) information.

As a part of this project, we have also investigated the applicability of

the feedback Staokelbeor solution concept (developed primarily for discrete-

time problems) in continuous-time Stackelborg differential games, and have

reported some preliminary results in [17.511. lore extensive results

regarding this problem will be reported in the next period.

17.3 Contrl Strateg ies Systems IUE.LzB A sro- h a c vionics~a

Whenever model uncertainty is present or a range of operating oonditions

is anticipated, engineering analysis and design must deal with questions of

sensitivity. Performances of manufactured componnts are necessarily

specified with nonzero tolerances. The parameter vales whish eharacterize

those components are therefore uncertain. Those parameter values may change

during the operating lifetimes of the components due to aging and due to

changes in nvirosmental conditions, such as pressure and temperature. In

addition, mathmatical models used for analysis and design of actual systems

cannot possibly lead to predicted performance which exactly matches the

performance of the actual systems. *It is useful to regard some of the

C This work was supported by the U.S. Air Force under grant AFOSR-78-3633.
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parameters of the models as unoertain In order to make thsos models more

realistic. The combined effects of parameter ucortaintY" on overall system

behavior are of prineipal consideration in any system dosta.

Our objective here has been to advance the current state of knowledge

uader both cooperative and noncooperative solution concepts. In [17.21,

several as. results have been reported conoerning stochastic team problems

with general partially seated Information patters* and also the Nash

equilibrium solutions of stochastio semoero-am dynamic games with quasi-

Classioal isformatiou patters. &eostly, we have developed as equilibrium

r theory for a more general class of mlti-porsou multi-criteria stookastic

decision problems wherea the decislon makers have different subjective

probability measures on the usertaia quantities [17.471, ie., for problems

which do not admit a comoa underlying probability space. For such deoisioa

problems, we have introduced the conepts of locally sad globally stable

equilibrium solutions. sad have studied the existence asd uniqueness of such

equilibria under certain eonditions OR the loss funotionals ad the subjective

probability measures. Certain explioit results and adlytic solutioMs have

also boos obtained ad reported is [17.471.

On snother topic, an Importast eutgreuth of the singular perturbation

methodology has boos the analysis of adaptive systems with reduced order

models [17.58,17.1p,17.18,17.4,17.20, smd etherse. The error in model order

is due to the preseeo of fast umedoled permeters. A wdomiasat riohnossm

oonditioa has been introduced under whisk adaptive identities and observers

can be made robust with respect to parometries. To ozted this methodology to

the ase of feedback adaptivo control the robustness of hyporstability

properties has been analysed.

Finally, as an application of chaimed aggregation, a study of fnear

uaobsorvability has been made [17.703. his coept has been developed

geometrically in terms of the canonical angles between an observable subspace

L and an A-invariant subspave V. The role of eigenvalue separation in this

problem has been clarified, leading to a contact with singular perturbation

theory.

.
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We highlight two elase. of recent asee"lihmeats on games. Ose Glass

of results portals* to the well-posedmeas of singularly perturbed Sames

[17.34).* For practical reasons it is desirable to employ reduced order models

for the detezuination of Sam strategies. We have demonstrated that the

natural singular perturbation approach. leads to ill-posed solutions but we
also demonstrated how to obtain well-posed. reduced order models. The key to
the successful development of such reduced order models is the preservation of

the information structure.

A second class of our results we wish to highlight is the as@ of 2
incentives to achieve global team optinality for the, leader 117.37,17.21.
Basically, the idea is for the leader to apply a strategy which Induces the
followers to optimize the leader's objective while optimizing their own.

Another significant accomplishment Is the two time scale methodology
[17.22,17.39,17.69,17.551 for modeling of large scale dynamic networks such as
power systems and Narkov chains. A fundamental relationship between weak

coupling and time scale# has boon revealed and used for systematic

.1 determination of coherent areas as local fast subsystems sad their interactive

core as the slow aggregate subsystem. This type of modeling naturally leads

to a scheme for fast decentralized and slow coordinated control, which has

been developed for Narkov chains and ;ueueing networks.

-* Finally, a detailed geomnetric analysis of chained aggregation has been

made [17 .251. This has led to a general version of three-control-ouponent

design, a hierarchical control strategy for large scale systems. This

approach exploits the A priori information structuring present in the system
and system output measurements. Connections with reduced order modeling.

especially the role of residual feedback, have been eamained.

0 Thi work was supported by the National Science Foundation under grant
35 79-193%4.
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17.5 Powe System Nomal am Secuity State MAssuentOl

Results have be*& obtained in the two areas of voltage collapse and

mainum system loadability. As a variable allocation problem, voltage

collapse has been found to be directly related to generator excitation and

transformer tap limits. The normal control algorithm for dispatchiag

transformer taps during contingencies can result in extreme demands for

reactive power from sources with finite reserves. Alternative approaches to

voltage control are currently being considered to minimize the possibility of

voltage collapse.

Direct transient stability methods are being integrated with conventional

mazimum system loadability methods to replace exhaustive time domain

simulations. The "first cut* fast transient stability calculation was
Vdeveloped to allow the dynamic constraint to be enforoed in the contingeny

evaluations required for the maximum loadability calculation. The method

employs an approzimate Potential Energy Boundary Surface (PuS) approach

together with linear load flow algorithms.

17.6 Power ham Reucd Order Ne.ALl

The traditional models used to analyze large scale power systems contain

many inconsistencies resulting from heuristic order reduction and model

simplification. Several of these models have been successfully derived from a

singular perturbation approach while others have been shown to be void of

mathematical justification. In eeah case, improved models can be obtained

through higher order corrections to the singularly perturbed model. Work is

continung to develop a consistent set of reduced order models for all of the

components and interconnections in a large scale power system.

0 This work was supported by industrial funding through the University of
Illinois Power Affiliates Program 81-82.
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18.1 n DJUretigs A Multidimensional Signa j ng*Ja"

This research project spans the areas of multisensor array processing,

linear space varying processing, and nonlinear processing using order

statistics. In array processing we have developed a uified treatment of

spotliSht mode synthetic aperture radar (SAR) and computer-aided tomography

(CAT). We kave shown that Fourier domain reconstruction, based on the

projection-slicoe theorem from CAT, is also the underlying principle in

spotlight mode SAR. In particular, the signal recorded at oaek SAR

transmission point is approximately the Fourier transform of a central

projection of the imaged ground area. A number of important issues involving

resolution, sampling rates, wavOform curvature, the Doppler effect, and motion

compensation have been examined within the contezt of this now BAR

interpretation. In addition, we have modified the convolution-back-projection

algorithm from CAT, and applied it to the SAR problem. Preliminary

indications are that this algorithm provides higher resolution than current

• This wox, asa supported by the Joint Services Electronics Program (U.S.
Army, U.S. Na;y, U.S. Air Force) under contract N00014-79-C-0424.
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120 18. DIGITAL SIGNAL AND IMAGE PROCESSING

methods of SAR processing.

Work is also underway on the subject of digital beamforaing for souar.

In a practical situation, the auber of sonar sensors may be restricted by

economic or physical constraints. This difficulty can be partially overcome

by using signal extrapolation. We have applied a bandlimited extrapolation

algorithm to this problem and characterized its performance both analytically

and through computer simulation. For a sinusoidal signal it is possible to

extrapolate to two or three times the length of the physical array. The beam

performance is thus enhanced and is compatible with that obtained using many

more sensors.

In the area of linear space varying processing we have derived the

minimnum permissible sampling rate for the digital implementation of an analog

shift variant system. The necessary rate is easily computed from parameters

of the bi-frequency map of the desired analog response. Potential

applications include digital restoration of images degraded by linear

spatially varying operations.

We have made further progress in the area of nonlinear processing using

order statistics. A generalized median filter has been studied whose output

is a weighted sum of the input order statistics. An explicit formula has been

derived for the optimal weight values in the order statistic filter (OSF),

assuming white background noise. We have filtered several images plus noise

with a linear averager, a median filter, and the optimal OSF for a constant

background. We found that the OSF provides a compromise between the smoothing

properties of the linear filter and the edge sharpness offered by a median

filter. Further generalizations of the median filter are currently being

investigated.

..18.2 j K1oo-LIted Signal In" Extranolatoe

-One of the most important and difficult questions in signal and image

. procoessing is: low can we reconstruct signals and images from incomplete data

(observations)? We have embarked on a basic research project to study a

particular problem in this area, that of support-limited extrapolation. In

. This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424.
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the one-dimensional form, the problem is the followin: Given the Fourier

transform F(u) of a function f(t) in a finite interval, determine f(t) under

the assumption that f(t) is of compact support. In the aid and late 1970's

F.- two efficient algorithms (GerchberS-Papoulis, Cadzow-Sabri-Steenart) were

" proposed, which looked very promising. However, up to now no successful

applications of these alSorithm's to real-world problems- have been made. We

think the reasons are twofold.

V (1) No one has studied the effects of discretization of these algorithms.

(2) No one has modified these algorithms or come up with new algorithms which

take account of the noise in the observed data in an effective way.

We have been concentrating our effort on these two aspects. Some preliminary

results have already been obtained. In particular, we have generalized

Cadzow's algorithm, and shown that the solutions from the discrete algorithm

vi converse to the solution from the continuous algorithm under certain rather

weak conditions.

18.3 Lqi-Ngtse Disital ilter ILK3IZBZs*

Error spectrum shaping (ESS) is a technique that uses quantizer feedback

to reduce roundoff noise and limit cycle amplitudes in digital filters.

Nearly all past work on ESS has dealt with second-order filters. In our

recent work we have shown how to choose the ESS coefficients op:imally for

high order filters composed of cascaded second-order sections. Te have

compared the noise gains of optimal and suboptimal ESS structures, and the

section-optimal structure derived using the Mullis and Roberts state-space

Li approach; the ESS structures performed well in comparison. In addition, a

heuristic strategy for ordering the second-order sections has been developed

based on the ideas underlying 3SS. This strategy further reduces roundoff

noise, especially for elliptic filters.

We have also applied 1SS, in a much different role, for the design of

short wozdlenSth FIR filters. Instead of rounding infinite precision filter

coefficients, we have used an 3SS quantizer to distribute the error due to

This work was supported by the Joint Services Electronics Program (U.S.
Army, U.S. Navy, U.S. Air Force) under Grant N00014-79-C-0424.
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122 18. DIGITAL SIGNAL AND IMAGE PROCESSING

rounding nonunifornly throughout the frequency band. As an example, for cases
Icin which the stopband response must be very low, the BS8 technique can

effectively place into the passband nearly all of the error due to coefficient

rounding. We are presently concentrating on several factors involved in the

design of the BSS feedback filter.

18.4 iDesign .9111 Digital Filters Usin Mli Citerion Otiu.LLiea

Wo are conducting an Investigation of the applicability of the concepts

and algorithms of multiple criterion optimization (MOD) to the problem of

optimally trading off magnitude and phase response in IH digital filter

design. Particular attention is being paid to the formulation of the

simultaneous magnitude and phase design problem. Results to date are

I extremely encouraging. As compared with an elliptic design, the MCO approach

can produce filters having magnitude responses that are virtually as good and

phase responses that are much more linear.

18.5 Numbe 1Xkati. Connent fo= th Realiatioan o1 Filure

ReILtant Sina ProessorsU in VLSI Circuit Thjjno gv*g

This research involves the study of number theoretic concepts which can

improve speed, reduce hardware complexity, and provide self-checking

performance in specialized digital processors such as digital filters or FFT

processors. In particular, residue number system (INS) concepts appear to

provide many features that are required to integrate custom designed functions

in VLSI circuits [R1,18.15,18.161.

Three significant results have been obtained that alleviate some of the

. practical difficulties in using RNS arithmetic in VLSI processors:

* (1) the design of a high speed pipe-lined RNS error checker resulted from a

mathematical study of the error location algorithm [R11,

. This work was supported by the National Science Foundation under Grant

BCS 80-07075.
CC This work was supported by the Nationl Science Foundation under Grant

•.0-79-01686.
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(2) a new error location algorithm based on the concept of expanded

projection was derived [3R], and

(3) an architecture for a standard computational element was developed for
the VLSI realization of digital processors designed with modular

arithmetic [R31.

Also, RNS product codes have been studied to determine if they offer more

desirable properties for VLSI realization. A hardware architecture for an

error checker based on an RNS product code has been designed [18.15]. Further

studies will reveal how the special features of a product code can improve

F VLSI architectures for fault tolerant performance.

" REFE=~CES

[R1] S. D. Fouse, G. R. Nudd, G. U. Thorne-Booth, P. A. Nygaard and F. D.
Gichard, "Image understanding of IU algorithms." Technical Report USCIPI
1010 (Chapter 2). lushes Research Laboratory, Malibu, CA, 1982.

[RI] W. K. Jenkins, "The design of error checkers for self-checking residue
number arithmetic," submitted to the = Tranu. n Comnters for a
Special Isne on Computer Arithmetic, to appear in March 1983.

[R3] 1. K. Jenkins, "A standard computational element for the VLSI
realization of digital processors using modular arithmetic," Prec. of
the lth AsClonaa QaL. on Circuits, Systems, Nd Conutera (Invited

Paper), Nov. 1982, (to appear).

V
i I

; ;- -.: ..' .' .'- ' .'- " .". " • " : 4" '. .. .." ." '-. " " , -" : _ _ , i, -" " .I



124

19. (LINATE AND CROP STi DIES*
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An ongoing study is continuing to relate climate anomalies in one part of

the world at a prior time to crop growin conditions in other regions of the

world at some later times. A number of interesting climate-crop patterns have

been found which have a high probability of repeating themselves every 3-7

years*
The vlimate-crop patterns can also be used as a means of crop

forecasting. Various types of tine series analysis have been developed for

recognition of these climate-crop patterns. Some of the crop tine series

contain data starting in 1866. A paper describing the relationship of crops

in Australia and Indonesia to climate anomalies in the eastern tropical

Pacific Ocean has been submitted for publication.

II

• This work was supported by the United States Department of Agriculture
under grant AGR SEA 58-519B-0884.
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